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HAPTER 1. ABSTRACT (EXECUTIV

Between February and September 2001, a number of aspects of the solar-sail
launched Interstellar probe (ISP), which is under consideration by NASA for launch in
the 2C10-2015 time frame, were researched. The effort was conducted in New York
City during February-May, at MSFC in May-July (when the Pl served as a NASA
Summer 2001 Facuity Fellow) and in New York City during August and September. as
well as the people listed on the title sheet, many people in NYC and at MSFC
participated in this research.

The goals of the planned ISP mission are to launch a solar sail on a trajectory
with a close perihelion pass {about 0.2 -0.25 AU) so that the scientific payload could -

-reach the heliopause (at about 200 AU) from the Sun after a flight of about 20 years
* duration. The scientific payload is less than 30 kg and the mission is devoted to the
study of particles and fields.

Current JPL planning disposes of the sail at 5 AU from the Sun on the outbound
trajectory leg. we show that it may be advisable to retain the sail during the intersteliar
_mission for two reasons. First, analysis indicates that sail can still increase terminal
velocity by a few percent in the outer solar system. second, an electrically congucting
sail or sail segment could function as magne:ometer and consequently reduce
payload mass. e

Using a computer code developed by consultant Giovanni Vulpetii , we
considered many aspects of preperihelion sail trajectory. These computer runs
indicaie that there are two launch windows every year to project the spacecraft
tovrards the same portion of the heliopause. Both require an initial trajectory directed
outward from the Sun, aad then a dip in towards perihelio. As well as the posgrade
trajectory considered in NASA / JPL planning for the proposed mission, Vaipetti's code
considers an angular-momentum-revarsal option. 7

An advantage of Vulpettf's code over many other models is its reahsﬂc
parameterization of sail reflectance. The latest MSFC Space Environment Group
determination of sail optical degradation by the solar wind were used as inputs for
Vulpetti's code.

Many optimizec conflguranons are capable of perforrmng the ISP mission. Most
intriguing are & series of trajectories in which a higher Earth-escape ve!ocuty results in
less technologically-demanding ISP mission configurations:

~Artist C Bangs supervised creation of a prototype white-light (rambow)
holographic message plague for the ISP, following a suggestion by Dr. Robert =
Forward: After mounting and framing, the completed art piece was delivered to the .
MSFC Transportation Directorate. Under proper illumination, 5 of the 6 multiplexed
holographic images on the photographic plate can be readily viewed.

Les Johnson of MSFC Space Transportation concluded that holography might

,have propulsive space applications as well as artistic ones. Ryan Haggerty and ¢
“pangs assisted the MSFC Space Environments group in determining the resistance of
commercial holograms to simulated solar-wind radiation.

The Pl suggested a nsw method of analyzing radiation resistance of holograms.
Afte. exposure to simulated solar wind, the hologram was scanned into a computer
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and compared 1o non-irradiated controi hologram using the color-histogram option of :

the Adobe PhotoshopTM computer package. Red, green, and blue image quality was
evaluated.-As indicated by previous studies in the literature and confirmed by
phoLographsc comparisons of the subject samples, holograms are very resistant to
space radiation.

The Pi was asked to present an application of holography to solar-saii
propulsion. As indicated by this presentation (which is included as the Appendix to this
report), holographic sail elements.may enable the technology of solar-photon thrusting
(SPT) , which allows some control of the radiation-pressure vector’s direction. multi-
sail SPTs may allow sail operations closer to low-Earth orbit (LEO) than possible with
other sail conflguratlons



CHAPTER Il : INTRODUCTION: iSP GOALS AND PARAMETERS

NASA’s ambitious interstellar Probe (ISP) Mission is the outgrpwth of decades
of research in travel beyond the solar system, summarized by Mallove and Matloff
(1989). initia! interstellar-travel concepts utitized nuclear propulsion schemes, such as
the American Orion (Dyson, 1968) and British Daedalus (Martin, 1978) concepts.
These thermonuclear-pulse proposais would be capable of propelling large payloads

to velocities in excess of 0.1¢ (where ¢ = 3 x 108 m/sec, the speed of light).

As an alternative to thermonuclear pulse, Matloff and Mallove (1881 and 1983)
considered the interstellar capability of hyperthin solar sails unfurled at distances of
0.01-0.03 AU from the Sun's center. These craft could conceiveably achieve solar-
system escape velocities in excess of 0.005¢. In landmark papers, Martin (1984) and
Bond and Martin (1984) concluded that of all peopled interstellar-travel proposais,
only the “1000-year ark” or “worldship” is possible and the only uitimately feasible
propulsion systems for these craft are the thermonuclear-pulse, or solar-sailing option.

in 2 more near-term but much less challenging proposal, NASA /JPLconsidered
the Thousand Astronomical unit (TAU) probe in a studied authored by Jaffe et al
(1980). Instead of targeting one of the nearer stars, TAU wouid explore near-
interstellar space out to about 100 AU. Exiting the solar system at about 100 km/sec,
TAU would reach 1000 AU from the Sun within a human lifetime. The TAU propulsion
system would be nuclear electric, which is feasible for such interstellar-precursor
missions but may never be capabie of true interstellar travel.

Development and construction of a large nuclear spacecrft such as TAU
presents many political ; sociological, and environmental probiems. So in the early
1990’s, researchers in Europe and the US turned their attention to sail-launched
missions to the Sun's gravity focus at 550 AU from the Sun (Heidmann and Maccone,
1984). As pointed out by Vuipetti (1996) in his "Aurora” proposal, a less-demanding
“technology demonstrator” for a gravity-focus or TAU mission would be a probe to the
heliopause. the boundary between the sun’s influence and interstellar space. The
heliopause is estimated to b2 about 200 AU from the Sun.

- Starting in the mid-1890's, NASA / MSFC and JPL have studied sails that could
be launched in the 2010-2015 time frame and wouid require about 15 years to reach -
the heliopause (Johnson and Leifer, 2000, Liewer et al, 2000 and Mewaldt and
Liewer, 2000). Such near-term ISP configurations would carry a scientific payload of
about 30 kg, have atotal soacecraft mass of a few hundred kilograms.and be -
launched to earth-escape by a Delta-class booster. To achieve a suffi Cxently high
interstellar cruise velocity, the sailcraft would first use the sail after Earth-escape to
spiral out to about the orbit of Mars (1.5 AU) and then dip in towards a perihelion of
about 0.25 AU. Sail-aspect angle would be varied appropriately during the pre-
perihelion pass and would be near-normal tc the Sun at and after perihelion_-

The ISP sail radius would be a few hundred meters. Sail arez! thickness or mass

loading would be about 1 gram/meter2 and total spacecriﬁ areal mass foading would

be about 2 gm"m2. Currently, NASA plans to drop the sail from the payload section at
abeut 5 AU from the Sun. the next chapter of this report considers advantages of
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retaining the saif beyond this solar distance. :

As well as being a technology demonstrator for & propulsion system which
could be developed to true interstellar capability, ISP has a number of scientific goals.
These include the in situ study of the interaction between the solar wind and the
interstellar medium, the nature and composition of the intersteilar medium and the
interstellar magnetic field. stated objectives for the mission are to explore the
interstellar medium and its implications for evoliution of the galaxy and universe; to
explore the infiuence of the intersteliar medium in the solar system and the impact of
the solar system on the interstellar medium; and to explore the outer solar system for
clues to the originof planetary systems.

A wide variety of scientific instruments are under consideration for the
(approximately) 30 kg science payload. these include neutral and charged-particie
instruments, spectrometers to determine isotopic compdsition of the local interstellar
medium, and detector for suprathermal ions and electrons, cosmic-ray detectors, a
magnetometer and and a plasma/ radio-wave detector to monitor fluctuations in the
electric and magnetic-fields at and beyond the heliopause, an energetic neutrai-atom
imager, ultraviolet and infrared photometers and a small telescope to survey Kuiper
belt objects near the spacecraft's trajectory.

Although designed for a 15-year flight 1o the heliopause, ISP may well survive
for 30 years or more, as has been the case for the first interstellar probes Pioneer
: 10111 and Voyager 1/2. It is not impossible that ISP could survive to return data from
400 AU or even the Sun's gravitatinnal focus at 550 AU.
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CHAPTER 3. ADVANTAGES OF RETAINING THE SAIL TQ THE
HELIOPAUSE

Current planning for the NASA Interstellar Probe (ISP) mission assumes that
the spacecraft will be accelerated by solar-saii from starting frem a perihelion as close
as 0.2 AU from the Sun and will detach from the solar sail at or near the orbit of jupiter
(5.2 AU from the Sunj. This report chagter considers the kinematical advantages of not
dropping the sail.

We start this analysis with £G. (4.26) of Matloff, Deep-Space Probes {Matioif,
2000y :

Vﬁn = ['V:l."m + (nsail B 1)‘;@2 mr /;llm. ﬁﬂ]l &1

where Vfin = final spacecratt velocity relative to the Sun,
Vinit = initial spacecraft-velocity relative to the Sun,
Vpara,init = Solar parabolic (escape) velocity at perinelion
Vpara fin = solar parabolic velocity at end of sail acceleration

nsail = sailcraft lightness factor (the ratio of solar radiation pressure force to
solar gravitational force o1 the sailcraft). -
It is assumed in the derivation of Eq. (3-1) that the st 1is fully opaque, is fully unfurled
at perihelion and is always oriented normai to the Sunf’j/ -
We next simplify Eq. (3-1) by assuming that the pre-perihelion trajectory is
parabolic. Therefore, Vinit= Vpara,init= Vpara-peri- where Vpara-peri is the solar
parabolic velocity at perihelion. Substituting in Eq. (3-1) and manipulating, *

- 172
V. = 1/ ZI- (nsail - 1) para, fin ] :
fin = " para- perinsai[ - V?. (3-2)
o l_ para perinsail J

In any interstellar solar sail expedition, the solar parabolic velocity at the end of
solar-sail acceleration wili be small compared with the perihelion velocity. Therefore,

1’2 I- < (nsail - 1) V;ara—ﬁn -l

Vﬁn = V;'Jara—perinsai[ L= 2v2 (33
l para- perinsail J '

Equation (4-27) of Matloff i20_00) is an approximate expression for the
’ -1 ‘



calculation of spacecraft final velocity if the sail is dropped an infinite distance from the
Sun. For such a situation,

112
Vo, o=V N, (3-4)

para-peri' Isail -

We next define the parameter K, where K is the fractional loss in final intersteliar

~ cruise velocity if the sail is dropped at 5.2 AU from the Sun instead of an infinite
distance from the Sun:

K- Vﬁn,:x: - Vﬁn,S.Zau _ l/ N~ 1\ Yowe fr- 520 |
= = 3-5)

Vﬁu 0 \ nsail 2Vpa:a peri

From the definintion of solar parabolic or escape velocity,

M cmit — 1 Rgerz au
K = ,
n )( 0.4 ) (3-6)

Applying Equation (4.19) of Maticff (2000), we can approximate sail lightness factor :

0.000787¢L + REF, )

Nyait = Co@
sail o (37)

slc

where REFgaijl = (fully opague) sail fractional reflectivity and og/cis the saulcraft areai

mass thickness in MKS units.

Figure 3-1 shows parametric solutions of velocity loss factor K as a function of
sailcraft lightness factor and perihelion distance. Note that retaining the saitl beyond
Jupiter can increase terminal interstellar cruise velccity by a few percent. Velocity loss
factror K increases for low-mass missions and high perihelion velocities.<Jsing the
software described in the nex: chapter, Giovanni Vulpetti has also found a kmematxcal
advantage to retaining the sail throughout the ISP mission.

There are potential non-proputsive epplications for a retained ISP sail. a
properly shaped sail could function as a communications antenna. also, if circuitry is
emplaced around the outer edge of a disc-shaped ISP sail, the sail could function as a
magnetometer during interstellar cruise without a substantial payload mass penalty.
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Fig. 3-1 Terminal Velocity Fractional Loss factor K as a Function of Sailcraft Lightness
Factor and Perihelion Distance.
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CHAPTER IV

SAILCRAFT TRAJECTORY OPTIONS FOR THE INTERSTELLAR PROBE:
MATHEMATICAL THEORY AND NUMERICAL RESULTS

Gzovanm Vulnetti!, Telespazio SpA, Vie Tiburtina 965, 00156 Rome, ITALY

IV.1 Introduction

Gregory Matloff dealt with the purposes of NASA Interstellar Probe (ISP) in the previous chapiers of this report
io NASA George C. Marshall Space Flight Center. Les Johnson provided report authors with basic input
{Johnson, 2001). Preliminary design of ISP baseline mission and sailcraft systems can be found in (Mewaldt er
al.. 2000) and (Liewer er al., 2000). This chaprer aims at :dentifving other options for the ISP mission based on
solar-sail propulsion. Unavoidadly. mission strategies 21¢ results are interrelated to the sailcraft technology., in
general. and the suil system. in particular. Although literature on solar sailing has been enriching since the
Eighties, perhaps the general reader 1s not full aware of all aspects on advanced space sailing. Thus, we arranged
this chapter as follows: §IV.2 and §IV.3 present a background on fast solar sailing and considerations about
modeling the translatonal motion of a sail m space. §1V.4 focuses on the important topic of optical sail
dcgradation, whercas §IV.5 shortly describes the computer code we have employed to get the numerical results
presented in §IV.6 and §IV.7. Considerations on the ISP feasibility and suggestions about some items of next
[SD research & design are given in §IV.8 and §IV.9.

IV.2 Background on Fast 3D Trajectories by Solar Sziling

In this section, we summarize the basics of fasr heliocentric sailcraft trajectories by using a formalism dev clopcd
in the last decade of the 20 century. Details can be found in Vulpetti (1996, 19992, 1999b) and the references
inside. With regard (o nomenclature, svmbols will be explained on the way: normally. bold letters refers to as
three-dimensional column vectors whereas capital Greek letters denotes matrices, unless otherwise specitied.
Although the used formalism is coordinate-free. however, we shall use coerdinates, implicitly or explicitly, that
are defaulted 10 the Cartesian ones.

2.1 Frames of Reference and Units

In the present theory and related numencal code. we usc two heliocentric reference trames and one sailcraft-
centred frame. The first frame. Lereby called the Heliocertric Inertial Frame (HIF). has been buile starting from
the realization. named the Internationa! Celestial Reference Frame (ICRT). of the International Celestial
Reference Systemn (ICRS) that is provided hy the Intemarional Farth Rotation Service (IERS). The strict
definition of ICRF and its related documentation can be found at hup://aww.iers.org. Here, we very briefly
report that the ongin of the ICRF is the barycenter of the Solar System and its orientation is close 10 dynamical
equinox and mean equator at J2000. HIF has been obtained by rotating the YZ-plane of ICRF connterclockwise
about its X-axis by the value of Earth obliquity (23° 26" 21.16"") at J2000. HIF is centred on the Sun barycenter
ard it 1s oriented close io the dynamical equinox and mean ecliptic at J2000. That is particularly useful when
planetary perturbations are included. via standard ephemerides. in the sailcraft motion (as a matter of fact. a-
priori one does not know whether the sailcraft will be flying-by some planet). Ty

The second frame. hereby named the Extended Heliocentric Orbital Frame (EHOF). is defined as follows:
2D motion in HIF with trajcctory curvature supposcd net to diverge at any time

1. If motion is direct or counterclockwise (in HIF). then the refereace direction & ornentauon are those
oncs of the sailcraft position vector R; the reference plane is given by (R V). V denoting the sailcratt

V! Chief Scientist, Full Member of the International Academy of Astronautics
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velocity vector. and the Z-axis coincides with the direction & orientation of the orbital angular
momentum per unit mass H=RxV
If motion is retrograde or clockwise (in HIF), then Lhc X-axis is the same as in (1), but the Z-axis is
_ orientcd opposite to H and, consequerntly, the Y-axis is in the semi-plane (R, -V).
3. At some time. say, t* where H=0 (if any), the Z-axis is the limit of the Z-direction of either (1) or (2)
when t approaches t*. It is easy to show by considerations of gcomectry and vector analysis that such a
direction, here denoted by h*, exists and is unique.

3D motion in HIF with rajectory iorsion assumed to be limited at any time

a. If flight begins with a direct motion (in HIF). then EHOF axes are defined the same way in 2D-1

b. If flight begins with a retrograde motion (in HIF), then EHOF axes are defined the same way in 27-2.
The direction of the Z-axis is denoted by h. whereas r is the direction of R. At any time t there is a well-posed
miad (r, b x r, h), which defines the extended orbital helioeentric frame. The attribute extended refers to the fact
that a general sailcraft trajectory may be composed of pieces separated by at least one point where the orbital
angular momentwt: vanishes. General discussion on the CIIOF can be found in (Vulpetrti. 1999a). The case
characterized by H=0 for a finite interval of time can be also dealt with appropriately, but is beyond the scope of
_ this report and the realistic options related to the Interstellar Probe.
The third frame, named the Saileraft Orbital Frame (SOF), has its origin on the vehicle's barycenter and it 1s
instantaneously at rest. according to Special Relativity (SR} “~general. its orientation differs from that of EHOF
by an amount due o0 the aberration of light. whicli is a first:order effect in speed. For ISP, the orientations of
EHOF-and SOF are very close to one another.
The computer code described in §IV.5 is fully based on SR. However, we shall use the classical approx:mauon
for ISP, here, 1o simplify presentation of sola: sailing theory and discussion/comparison of the results. Evenly,
HIF/EHOF -related time and SOF proper time scales can'be considered equal to each other. Julian Date (JD) has
been used for astronomical events and coordinates such as position and velocity of planets in HIF at differen:
times, whereas saileraft thrusting and/or coasting time intervals could be specified in cither SI scconds or days (1
day = 86400 SI seconds) or standard years (1 standard vear = 365.25 days).

2.2 TheLightness Vector Formalism

Let us consider the vector sclar-pressure acceleration that acts on the sailcraft center of mass. Think about this
vector (1) resolved in EHOF, (2) normalized to the local solar gravitational acceleration. Let us denote it by L -
and name it the lightness vector. We call its components the radial, transversal and normal numbers as follows:

L=[k, &, #,] =L (av-1)

0

L is a function of time. Its magnitude is called the lightness number here; it should not be confused with the
same-name parameier defined in (Wright, 1993); that oneis a particular case of the current A(t) function. The
motior. of the sailcraft barycenter in HIF can be described by the following system of ordinary differential
equations (ODE) )

Ir=-v
dt )
d p u )
—V =—-— <+ —=®L + P ip=
dt ' R [; ) - V-2

. x

-‘%-[—_(1 —7\.,)]' + 2, hxr+2, h] + (ij)p
. Jj=l

-;r_nz = “,hﬂilACS

where m is the sailcraft mass, V its velocity. £=|R] is the Sun-sailcraft distance: 1 denotes the solar gravitational
cons_;ant whereas P; represenis the gravitational periurbation of the j-r/i of N, planets on the spacecraft.
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according to Celestial Mechanics. The symbol p denotes a switch, either 1 or 0, for including planetary
perturbation(s) or not, respectively. @ denotes the matix of rottion from EHOF 10 HIF; it is equal to
(r hxr h)m , according to what defined in sect. [V-2.1. The scalar differential equation in IV-2 accounts for

any mass consumption. for insiance due to scme small-rocket control of the sail orientation; one supposes that
mass is cxhausted at zero-total momentum in SOF, narr ely, no residual force acts on the vehicle barycenter.

. Some remarks arc-1n order: firsz, although in piﬁnclple equation TV-2b may be valid also for an (ideally) rocket-
-controlled spacecraft. in practice, however. only 2 sailcraft is characterized by the fields appearing in the
acccleration: -equation. namely, two conservatve fields and one non-conservative (aside from planetary
perturbations). Second, if A is s-fficien: ly hlg.., the_features of the heliocentric spacecraft irajectory are
determined mainly by solar gravity and solar pressure (even though some close planctary fly-by may affect low-
“speed trajectory ares). Third, as ‘such, equations [V-2 do not contain any reference to sailcraft technology; in
other words, all sailcraft trajectory classes can be studied by reasoning only in terms of L’s magnitude and
components. Subsequently, a real mission shall be analyzed by connecting dynamics and vehicle technology
(§IV.3). Such observation is particularly important since it aJlows the analyst to be aware of strong non-linear
behaviors that a conventional spacecraft does not have.

From the above observations, it is convenient to focus our attention on the solar -eMs here for illustrating and

discussing solar sailing behaviors. Thus, unless otherwise specified, we rcfer to the following simplified
equations

4R=v
dt

iv=_
dt

It is a simple matter 1o show how sailcraft energy and (orbital) =i ular momentum evolve mdef‘eqnauoua IV==
2A_ By introducing the quantity

H=H-b o H=Hh H=[H| av-3)

which is an invariant, named the A-function, one gets the following cquations for energy

(IV-24)
-(1-2,)r + L, hxr+3,h]

d H d t V-4
—E=——H
dt R dt
and the following equations for angular momentun and invariant:
HxLm = mo B
dt
IH - B -A hxr) 8 Iv-5)
dt R
4y b dp_y Ha '
dr R de R’

In words, sailcraft energy depends of the radial number; energy rate does on the transversal number (through
equation IV-5c), whereas the normal number drives the angular momentum bending. The evolution of H does .
not depend explicitly on the radial number. Equation TV-5c is a basic equation for controlling saileraft trajectory;
lrajectory classes depend on the initial invariant value and how it evolves (Vulpetti, 1996, 1997, 1999a). One
should note that, unless the analyst knows the vector functions L(t) and h{t) in advance, cquations IV-2 and V-
5¢ have to be integrated simultaneously 10 propagate a sailcraft trajectory. As a point of fact, in general, one does
not know whether/when sailcraft may reverse its motion oOr not.
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If vector L were aligned with the radial direction r. for instance after the sail deplovment at some suitable
perihelion Rp from the Sun, the sailcraft cnergy change would amount to 2./ R, ; as a result, the hyperbolic

excess would be V, \/Vz —2(1-%,) n/ R, . A very good way to get a high cruise Sp2ed would be to make a

sailcraft with high lightness number and launch it on either pnrabohc or quas1-parabollc orbit down to Ry This
results in the following speed

V.=y[Q+ou/e] - 2(1- A)u/R 2>

In equation IV-6, (¢, £) denote the eccentricity and the magnitude of angular momentum, respectively, of the pre-
perihelion orbit. Options for pre-perihelion acceleration have been investigated extensively (Matloff and
Mallove, 1983) and summarized critically (Matioff, 2000). One should realize that the value, s2y, V.? obtained

from equation I'V-6 (or an equivalent one) by parabolic pre-perihelion mode could be taken as a useful reference
with which acrual fast trajectories may be compared. As a point of fact, one knows that a mission obeying

equation V-6 is somewhat hard to implement, in practice. In addition. one should note that ¥ represents an
upper limit only for supercritical sailcraft (§IV.6).

When perturbations are added to the sailcraft motion, eguations TV-4 and IV-5 are to be modified. For instance,
the invariant’s evolution cquation changes to:

d
—H = l + Rhxr-P -
i 'R XTr av-n

In equation IV-7, P denotes the sum of sailcraft accelerations other than solar gravity and photon-sail interaction.
However, a good quasi-optimal profile of a 3D trajectory could be carried out by using the simpler form again,
especially around the perihelion.

23 The Motion Reversal Mode
A sailcraft with A =X _moves on a “generalized” keplcrian orbit inasmuch as it senses the Sun with an cffective

mass cqual to (1—1,)pt. However, there is no way to change energy, according to the last equation in IV-5,

since any transversal components of the lightmess vector vanishes. Thus, if cne wants to increase sailcraft speed,
some non-radial control has to be applied. The problem is not simple even because, if any non-radial component
of the lightness vector is different from zero, the sailcrait equations of motion admit no Lagrangjan. It is possible
to show strctly by the theory of Lie Groups that no analytical solution to IV-2A cxists (Vulpeta, 2001).

- However, many important properties and features of solar sailing trajectories can be drawn by analyzing
equations IV-2A through I'V-5 appropniately.

Let us consider the evolution equation of the invariant. It is easy 10 recognize that, if the transversal number is
negative (and not too low) and the trajectory arc time is sufficiently long. some point can be reached where
either H vanishes or achieves a local low minimum (or 2 local high maximum, if the initial motion is retrograde).
It can be proved that the first possibility can arise in 2D motion (Vulpetti, 1997), whereas the second one
pertains to either mixed 2D/3D-ujectory arcs or full 3D-1njectory arcs (Vulpetti; 1996, 1999a). Only for special
cases, conditions can cast them in simple form such as

-L<l <1

<, ( —t')p R, 2D mjé‘ctorie_s, L =constant av-8)
-1 < A 2— <

RV, R R
Here, the lightess vector is assumed constant throughout the flight The subscripi p denotes quantities evaluated
at the perihelion, whereas starred quantities refer to the H=0 event. Another special case is the mixed 2D/3D
trajectory in which one has a piecewise-constant lightness vector. In this case, one gets
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te [to .t,,] L, > A, |=L, (with constraints IV-8)
i‘.‘};
‘ V-9
1<|L,}<1 A, ’
re(tﬂ. ll-:l A, <0 A, |=Lgz=const. =L,
A, =0 A, |-

A realistic 3D trajectory class shall be dealt with extensively in §IV.3.

Why an analysis on sailcraft mission should consider the option in which the orbital angular momentum of the
vehicle may reverse somewhere? :
The strict mathematical treatment of the motion-reversal sailing mode 1s beyond the scopes of this report Ilere,
we limit ourselves to show what happens semi-quantitatively. Let us begin by calculating the along-track
component of the total acceleration, namely, the time derivative of the sailcraft speed

d .o, . ,

¥V =Vviy= [-(1-%)cos@ + A,singu/R* + v-P (IV-10)

t

In IV-10, the quantity ¢: @ €[0,27) . RV sing=H denotes the generalized angle between sailcraft’s position

and velocity vectors. v stands for the direction of V. Note that the normal number does not appear in equation
IV-10. If one ignores small perwurbations, this along-track quantity vanishes when

coto =k, /(1-%,) g (v-11)

For simplifying discussion. let us assume both radiarlgntdr transversal numbers constant throughout the flight; this
means that there are two values of the y angle satisfying equation IV-11 as follaws

0<o, <m/2 A>0 A <1

{n/Z <P, <™ A, <O "

9. = Q; + T ‘ av-12)
T< P, <% A>0 " 7

{S—n <@, <2n A, <0 "

It is possible to show that the angle labeled by § refers to local maximum or minimum of sailcraft speed,
occurting at time fg, if 4 is positive or negative. respectively. Typically, if sailcraft stants from a near circular
orbit such as the Carth-Moon barycenter orbit (plus an hyperbolic excess) with a sufficicntly positive transversal
number, say, 4, =A4/.3, it accelerates while increasing its distance from the Sun. Rapidly. it achieves the -

maximum of speed, then decelerates though it can escape the solar system radially (if the lightness number is
high enough). There is no local minimum of speed. since d¥V/d: is always negative past the maximum. As 2 point
of fact, the invariant & is positive and increases monotonically: consequently. the angle between position and

velocity can pass through neither zero nor 180 degrees. In such a trajectory class. ¢, does not represent a
physical solution. Even more, this happens for. slow spiraling-out trzjectories (for which A is low). whereupon
sailcraft speed changes through local maxima and minima characterized by o=;.

A quite asvmmetrical situation arises from a sufficiently regarive transversal number. Since £ may vanish, the
¢=t2, solution can physically cxist at some time 7.. Conscquently. one may integrate (the main terms of) equation
IV-10 from time 1 10 time 7,
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- (1 e COSOQ 4 [ SinQ .
(V,—_a v.o)u=-(1 ;.,)J: e+ 3, [P @1

{The fact we are dealing with the simplified problem of L~=constant (throughout the flight of interest) has been
highlighted). If 4 <1, the first term gives its highest positive contribution when ¢ = =, namely. around 2 point
where the angular momentum is zero or close to zero, whereas the second term is slromzly positive when
@ = 3n/2, that is around the perihelion of the reverse motion arc. Around the perihelion, the first integral gives
a total vanishing contribution. while the far dominant term is that one related to the transversal number. In
addition, perihelion is not the point of maximum spced; in fact, maximum speed is achieved p;s{mc petihelion
because of ¢, > 3n/2. Thus, saileraft goes on accelerating for a long (asymmetiic) arc of solar fly-by performed
by reversing its initial motion. The sailcraft speed amplification may be high indeed, depending on the perihelion
and lightness vector. It is an easy marter to show that the escape point (£=0) is achieved before the perihelion.
Many other properties of sailcraft trajectories can be inferred by studying trajectory curvaturc and torsion
(Vulpetti, 1996, 1997). Among them, the pseudo-cruise branch is of concern here. It has the following
properties: (2) it begins at few AU from the Sun. (b) it passes through the solar system with a small speed
decrease, (c) although 1t is generally lower than Vemax. however \{;',.,'if;e can be significantly higher that V. the
_ sailcraft injection spced (close to the mean Earth Orbital Speed, or EOS, that equals 27 AU/yr). These

- considerations apply to 2D trajectories for which the normal lightness number is zero. This is an ideal case
useful for reference mission: ¢,—@ ==. It is possible to prove (Vulpeti. 19992) that a real 3D reversal
trajectory must have both non-radial numbers varigble at least in a time interval around the reversal time. Such
variability is essential to guarantez the orbital frame to be smoorh and to cause motion reversal. Here, H does

vanish, but its magnitude exhibits a local minimum. In such trajectory class, ¢(2)approaches 7 closely, then it

reverses back to values less than x/2. One gets ¢, + ¢, = 7: when perturbations are active, such relationship is
well approxiﬁiated. N .

Equation TV-13 admits non-reverse motion solutions, plainly. As a simple good example, one could think of
performing an attitude maneuver at some time (to be determined) in the [:S ,1') interval cuch that A, — =~

(the transversal number being high enough as above). Since A remins positive this case. the angle between
position and velocity never achicves 180 degrees; thus. the sceond term in equation IV-13 is dominant and
positive again for a long trajectory arc about the Sun. At. say, 1-2 AU another attitude mancuver adjusts the sail
orientation in either the inertial or the orbital frame. The cruise speed for this class of direct motion and that
rclated to the motion reversal may be quite comparable in realistic cases; they zlso depend on the departure
planet position and velocity at the sailcraft injection time or epoch.

Both the direct and the reverse motion strategies share a basic rule: if a sufficiently light sailcraft is planned to
exit from the solar system with high speed, it has to Iose most of its initial helioceniric energy (passing through a
minimum) before accelerating fully.

Tt is not difficult to show that the H-reversal class for sailcraft trajectories exhibits large launch windows, from
several days to a few weeks, depending on the distant arget coordinates. For targets well beyond Pluto, e.g. the
heliopause or the solar gravitational lens, wide favorable injection into the solar field repeats on annual basis.

Thus, the motion reversal represents a full mission opportunity, which has the following additional features:
confirming/extending the feasibility. of a mission from a dynamical viewpoint, examining the critical role of the
(external) optical degradanon on unconventional sailcraft trajectories. Both points are among the main aims of
1h1> report.

IV.3 Specifying Sailcraft Barycenter Motion: the Connection Equations

As cmphasized above, each component of the lighmess vector may act as a dynamical control veriable.
However. any real L. stems from the actual physical interaction between the solar photons and the sail material
and configuration. Such interaction generates a thrust in the sailcraft frame of reference. Thus, there is a link
between -the direct control variables/parameters of the sailcraft and L's components. We call them the
connection equations. Moreover, such equations contain geometrical/physical features of the source(s) of light
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and environment-related effects. Here, we shall, very briefly, report sailcrafi-related phenomena and source-
related perturbations. Very extensive explanations of photon-metal interactions, both from physical and
" mathematical viewpoints, can be found in many excellent classical textbooks on optics. A sailing-oriented
descriptio of the solar radiation pressure can be read in (McInnes, 1999, chapter 2). Intrinsic and environment-
induced chasiges of the ideal sail behavior will be mentioned in §IV.4. -

In terms of rediant flux, 99 percent of the solar spectrum ranges from 1000 A to 40,000 A in wavelength that can
affect space sailing.. The light a sail receives can be specularly reflected, diffusely reflected, absorbed,
transmitted. A good solar sail should exhibit vanishing transmittance’, low abscrptance (a), low diffuse
reflectance (d) and high specular reflectance (r). Therefore, r + d + a = 1, a condition well achieved even by
very thin Aluminium-Chromium films. For the moment, we only mention that such optical quantities are
someway averaged over the essential solar spectrum. We shall return on that below. In general, the local solar
radiant flux impinges onto the sail surface at an angle 8 of incidence, as seen from the sailcraft. (If &, and &,
denote the azimuth and elevation in EHOF, respectively, of the sail axis n, oriented backward with respect to the
reflective sail side, then one has cos® = cosa, cosd,, strictly only if the vehicle speed is zcro). Specularly
reflected light generates (n:ain) momenturn along n, while absorption causes a momentum along the incident
radiation direction. The process of light diffusion by the sail's front side induces two additional momenta on the
sail: the first one acts along the incident direction, the second one is along 0 and is proportional to the surface
coefficient, say, ¥, (for an ideal Lambertian surface y =2/3) and the d-value (which, in turn, depends on the
sail roughness). The energy absorbed by the sail materials is re-emitted from front-side and backside according
to their respective emissivities, €, and €, . We suppose that each sail side behaves as a uniformly diffuse gray

surface. Emissivity is only function of the sail temperature: the sail thickness is so small that one can use the
same temperature T across the sail film. This value follows from the equality between absorbed power and
emitted power in vacuum at any distance R from the Sun. By neglecting the cosmic background radiation

‘temperature, the absorption-induced thermal effect consists of a net momentum along the-normal-to-sail
direction proportional to the following factor

x= xr /(%) = % &(%) (Iv-14)
€ j(Ts) + £(T) :

(In equation [V-14, we have highlighted the dependence on sail temperature). The sail of a fast sailcraft should
be composed of a high-reflective layer and a high-emissivity coating. As a result, the function « is negative for
Aluminum-Chromium sails; in other words, there is a thrust acceleration, along —n, stronger as absorptance and
temperature increase. Even this component of the total thrust is not negligible, especially around the perihelion
and for a degraded sail

The above picture of sall-photon mtemct.on ‘is rather simplified. In addition to deta.lled aspects of this
interaction. a more general treatment st~ .3 include other mmnmgfm ‘itemns. These ones are photon aberration.
features of the light source, curved sail; and optical degradation, in the order, according to the progressive
removal of some underlying assumptions such as:.

Al. direction of incident light along to the X-axis of the sailcraft frame

A2 point-like Sun

A3. flat sail

A4, ideal optics. -

We have mentioned that phy51cs in the spacecraft orbital frame does not comc1dc with that of the heliocentric

orbital frame. By neglecting 2 2*-order and higher terms in the vehicle speed, it is possible to carrv out the
following connection equations

-2 We use optical terms ending in ‘ance” since they apply 10 real specimens regardless of their geometric thickness and physical surface
state. Terms ending in ‘ivity” are normally used 0 highlight optically smooth specimens.
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1-2B,

L=%,n, [(Zrn,+xfd+xa)(l—2|3,)—2r»z,[3y]n+(a+d) -B, av-15)
: 0
In equation I'V-15, we have sct
7| o5 B,
B=—|sino [=|B, | 9=angle(R,V),  V=|V] Z.OE{-&, o=Z
C - o A
0 0 ,
O, =224 = 0.001538 kg, W, =1367 Wm™, g,,,=000593 ms™ av-16)

14l

cosq, cosd, n,

with the sail direction in EHOF given by B =| sine., cosd, |=|n,
sind, R,
wherc m is the (instantancous) sailcraft mass, S denotes the sail area, C is the speed of light. o is the total vehicle
mass divided by the sail area and is usually named the sailcraft sail loading. The quantity denoted by o, is the
so-called critical density. Vector accounts for photon aberration, which is iinear in the sailcraft speed. The
x factor is given by equation IV-14. An important tiing to be noted about vector equation IV-15 is that the
various optical sail parameters are weighted by quantities of significantly different physical nature. Each optcal
parameter appears in two independent terms.
Ideally, by a perfectly reflecting planar sail at rest in HIF and orthogonal to the vector position, ene would get
Lys=[1 0 0] o, /o with the maximum allowed thrust, or equivalenty, with a thrust efficiency equal to 1.
Thus, in general, sailcraft thrust efficiency can be defined as the actual-on-ideal thrust ratio at any time. It is
related to the sailcraft sail loading by the following relationship:
T=4G/0, : v-17)

When the sailcraft sail loading equals the critical denstiy, A <1 since thrust efficiency is less than unity in any
real case.
We have removed assumption Al in carrying out equations IV-15, which hold for a point-like Sun. If sailcraft
comes sufficiently close to the Sun, say,at RIS R, (14U = 21494 R.), then it begins by sensing the finite

size and the limb darkening of the photosphere. They ultimately cause a reduction of the thrust on sail; the nearer
the spacecraft is the weaker the thrust is (standing the same sail orientation, distance and specd) with respect to
the point-like Sun thrust. Thus, by removing assumption A2 and using the standard gray-atmosphere model, it is
possible to carry out exact formulas for an arbitrarily oriented sail (and in relativistic motion teo). A modern
symbolic-math system on computer is appropriate for achieving this goal. Closed-form solutions are very long.
However, we like to report simple classical-dynamics formulas without any terms in vehicle velocity for
isolating the mentionced effects on the sail. This results in the following modified connection cquations:

L=2, ([Zr u, +(x, d+xa) u:] n+(a+d) w) : QVv-18)

In equations IV-18, we employed the following deSrtions:

1
192 ¢

E=R/R, w=nw =- (27:,—4': n;q n.q)
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2(59-9n,7 )57 -645E -1 +2(3n,1-1)(9+15\;’1—1/g1) +

i 9[("'2 -3)g*+2(n,’ +1)§+(1—3nx:)/§]ln zj
+1

o+ 32(Y ~1)" —2(258% +9)&

192

U=

k59(§: —1)2 Ini

‘759(3&‘—2&_,:—1)171% + 32(282 +1){E7 -1 - 2(59E7-9)E

Obviously, even though sunlight distribution has a cylindrical symmetry in this model. a non-radially oriented
sail destroys this symmetry in generating thrust. If the sailcraft moves at a distance £ >>1, the actual-Sun
lightness vector approaches that one from the point-like Sun, as described by equation IV-15 with zero speed.
(The general formulas are coincident in the limit of £ — oo for any sail orientation and velocity, of course). We
close this topic here with meniioning a few values for the pure radial case: at £ =4 (that is at 3 solar radii from
photosphere). a correction factor equal 10 0.9858 should be applied 1o the point-like model, whereas at
£ =21.49 (0.1 AUy}, the correction factor woul¢ amount to 0.99951. Finally, at 0.2 AU, deviation would result
in -0.00012, namely. about Y of the photon aberration for a sailcraft traveling at such distance with 15 AU/yr.

Now, let us remove the assumption A3 to have 2 flat sail. Currently envisaged sails may be grouped into two
large classes: (I} plastic substrate sails, (II) ail metal sails. A representative of class-I is 2 three-layer sail
consisting of a plastic layer of a few microns thick on which thin reflective and emissive films may be deposited
{one film per side, typically). Such a sail may be suitable for (many) interplanetary transfers. Class-II regards
bilayer sail configuration consisting of reflective and emissive films alone. Since sailcraft of class-H has a sail
loading considerably lower than class-I. it would be appropriate for high-speed missions. Photon pressure on a
large surface induces a large-scale curvature that, in tumn, causes pressure redistribution and thrust decrease. In
class-L. curvature increases when sail temperature increases. Depending on the supporting structure, large-stress
values can result in small-scale folds in the sail matenals known as the wrinkles. One deems that wrinkles may
interact with large-scale curvature by producing hot spots. During the AURORA Collaboration (January 1994 —
December 2000). a few promising experiments (Scaglionc, 1999) were performed for getting a light sail for the
AURORA concepts of mission to either the heliopause or the solar gravitational lens. The sail would be
manufactured in the following multi-layer mode: Aluminum-Chromium-buffcr-UVTplastic, where the buffer
layer consists of diamond-like carbon (DI.C)’. UVTplastic stands for plastic substrate transparent to the solar
UV photons. Once deployed in a high orbit about Earth, solar UV light reaches the DLC buffer and weakens its
chemical bonds at the interfaces such that it and the plastic film soon detach from the Al-Cr layers. Closely
related to techniques for achieving metallic sails without infrastructures in orbit, are the deployment and the sail-
keeping methods. The AURORA collaboration studied a circular Al-Cr sail to be deployed in orbit by a small sail-
rim-located 1orus. This is a2 hydrostatic beam-based deployment systern with load-supponting web (Genta e al.,
1999); deployment is cffected by inserting gas into this peripheral ring. The sail shall take a pillow-like shape,
symmetic with respect to the sail axis, with a maximum axial shift depending on the Sun-sailcraft distance (and
sail orientation). For instance, a circular sail of 300-m radius exhibits maximum slope of 4.4 degrees at a
perihelion as low as 0.15 AU (or, equivalently, a sunward shift of 14 m). Large-scale cu~vature radius takes on
3.3 km, by entailing a thrust reduction factor of about 0.998 (with respect to the ideal case of flat sail). These
figures would hold only around such perihelion distance. Although some differential equations used for this sail
deformation analysis are simplified. nevertheless there is a strong indication that the whole flight of smaller-sail
AURORA-type spacecraft, designed for higher perihelion (R, >0.24U ) , is compliant with the assumption of a
large-scale flat sail. This statement is of great concemn with regard to ISP, here.

Finally, we shall remove the assumption A4 regarding ideal optics for a sail. Since this is a special topic with
strong conscquences on dynamics, we shall devote next section to it. However, before proceeding, we have to be

3 DLC is a metastable disordered solid that shows a mix of diamond and graphite structures.
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more precise about the meaning of the optical parameters entering the connection cquations. The set {r, d, a}
represents the fractions of the incident photons that are specularly reflected, diffusely reflected and absorbed,
respectively. Although they are not defined 2s one usually does in Optics, nevertheless they can be related to the
strict optical quantities known as the bi-directional specwal reflectance p_ {£,0,{p}). the directional
hemispherical spectral reflectance p,,, (£,8.{p}) and the directional spectral absorptance «(£.0). (The reader

may consult some standard handbook such as the Handbook of Optics by Optical Society of America, 2001,
http:/fwww.osa.org ). Here, L denotes the wavclength of the incident light, whereas {p} emphasizes parameters
_ characteristic of the reflective sail layer. The above reflectance terms are averaged over all possible orientations
" of the incident electric field. Note that easy measurable quantities are the total spectral reflected light,

givingp(L.8,{p}), and the scattered light (via laser, for example). It is possible to show (Vulpetti, 1999b) that

the paranseters entering the sailcraft motion equations (through the connection equations) have the following
meaning

T= I:':'U(_C)dL
F =Py (048)) = F [0y (£.0.06]) U(L)dL

¢ =p,g (O4p})=F [p(L04P) U(L)dL-
a =1—(r+d)

. (IV-19)

In the above equations, % (L) denotes the spectral radiant exitance of the Sun, which may be assumed as

blackbody source with 5777 K. (corresponding to the solar constant value of 1367 Wim’, §IV.5.4). Wavelength
could range from 1,000 A to 40,000 A for a number of physical reasons, For a given sail material and film
deposition method, entries in the thrust parameter set {7, d, a} depend only on the photon incidence angle,
though, in some case, some parameter may exhibit a quasi-independence on this angle. Anyway. they are
assumned to nor change with time. That is what we mean by ideal opfics here. Actually, any d > 0 entails a sort of
intrinsic degradation in terms of thrust because of the different coefficients that the specular and diffusc terms
have in the connection equations. One needs a device separating these contributions to the total“reflectance.
Particularly appropriate to the solar sailing thrust modeling is the Scalar Scattering Theory (SST), where the
main parameter is the root mean square roughness of the reflective laver. hereafier denoted by 6. It is closely
related to the sail making process that causes irregularities in the deposited Aluminum film, for instance. The
underlying assumptions of SST are discussed in (Vulpetti, 1999b) relatively to space sailing. Here, we limit to
report the simple equation between total and diffuse reflectance:

-

2
cor® 0)'

Py (£.0.8)=p(£.0)|1- e(T (IV-20)

Total spectral reflectance does not depend on §; however, light scattcﬁng causes specular and diffuse
componcnts to be distributed differently. Equation IV-20 shows that diffuse reflectance augments non-linearly
with roughness. Strange enough =t first glance, p,, achieves its maximum value at normal incidence 6=0.

Depending on the acal sail, consequences to sailcraft dynamics could be signiﬁcant, through equation IV-15.
IV.4 External Optical Degradation

Space is known 10 be a very complex environment that behaves very Jifferently. even as seen from different
artifacts and with respect their goals. In addition 10 classical design itemns (spacecraft thermal control. spacecraft
system & sub-system protection, payload degradation and so forth), modem objectives regard tests on inflatable
structures too (Stuckey ez al., 2000). These systems can include different structural elements that have 1o be
capable of tolerating space environment for the time necessary to allow the pavload mission. From this point of
view, any sail system is a specizal deployable system. Apart from some simple Russian tests in orbit, a full
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preliminary experimental mission sailcraft has yet to be flown (August 20G1). There are only very scarce
experimental data specifically oriented to solar sailing hitherto. We shall use part of them for exploring
consequences on fast sailcraft trajectory such as the ISP’s. To this aim, we have to build some model that
accounts for the environment a deep-space sailcraft sail is able to sense. Since our interest is in all-metal sails, as
cxplained above, we may focus on two major causes that could induce a decrease of we sail performance, that is
a modification of the ideal-optics conditions as stated in §IV.3. These causes are the solar ulraviolet photons and
the solar wind particles that will continuously impinge on a space sail. In this current investigation for NASA, it
has been agreed that, considering the very limited amount of experimental data, only effects stemming from
solar wind should be considered. Nevertheless, we present calculations that should hold even in a next research
phase about the influence of the solar UV flux-on the mission design of a fast sallcraft, namely a sailcraft flying-
by the Sun at Jow perihciion. By using the concepts of cxitance, radiance and frradiance from classical optics, it
is a simple matter to carry out the integrated flax of UV photons onto a sail of a sailcraft in the time interval
[’o ,t] . One gets the energy fluence

0) . .
Yo =fiw W La(e)‘c—o'%)‘dl av-21)

Equation IV-21 holds for a sail having absorptance g and distance R from a pomt-like Sun. UV beam impinges
on sail with an incidence angle 0 from the sail normal n. (The relativistic energy shift, sensed in the sailcraft
frame, has been neglected). Symbol £y represents the ultraviolet fraction of the solar constant; it may be easily
estimated by the blackbody distributios: at 5777 K. For instance, fiv = 0.122 over the 1,000-4,000 A range,
namely, 167 W/m2 of UV flux at IAU. An important thing to be noted in equation IV-21 is that the absorptance
function is not exhaustively given by equations IV-19 as they hold for (time-independent) ideal optics. We shall
return on this topic in § IV.4.1 since it reg.;rds the lightness vector computation.

As far as the cnergy deposited by the ‘solar-wind pa.ruclcs on a moving sail, we make some simplifying
assumptions here. They are: (i) solar wind flows radially from the Sun with a speed constant from ~20R_to the

termination shock; (ii) solar-wind number density scales as R? everywhere in this range of distance, (iii)
mterplanetary magnetic ficid does not interact with sail. A few remarks about these points. Solar wind is an
expanding momentum-dominated high-conductivity super-alfvénic (pseudo) supersonic collisionless plasma for
which a continuum description applies. Very schematically, it may be viewed at large as composed of quiet
background plasma of low speed, on which non-radial fast streams of essentially electrons and protons overlap
almost periodically. Solar-wind speed changes with the helio-magnetic latitude and reaches a minimum close the
interplanetary current sheet. Our assumption (1) is somewhat elementary, but it has the great advantage to make
calculations affordable in the context of this report. In contrast, assumptions (ii) and (iii) appear rather realistic
also on considering that here one is interested in fast sailcraft receding from the Sun. Thus, in the sailcraft frame
of reference, the (differential) flux of proton energy arriving at the sail during the time df is given by

WV
d Vo m, (2 -2WVcos<p+V2)( cos®
-d—r‘!‘sw = e -Vsing |-n av-22)
: 0

In equation IV-22, W is the solar-wind speed in heliocentric frame, m, denotes the proton mass and v, ;.
represents the (mean) proton number density at 1 AU. The energy per unit area absorbed by the sail in the time
interval [1,.¢] can then be written down as

d¥,, : ’
‘Pw(t)=[ l-yps,, (T’-) at av-23)
In IV-23, y, and €p denote the protop- backscatiering yield and the proton backsmncnng energy fraction,
respectively. Actually, computation of IV-23 is 2 long iterative process, which may be simplified by estimating
the proton backscattering properties in the energy range related to the sail and sailcraft under consideration By
using a sophisticated Monte Carlo code, such as SRIM 2000 (Ziegler, 2001), it is possible to study the -
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~teraction of protons and Aluminum. We have focused attention on 2 number of fast sails and missions; for
instance, fast-stream proton encrgy, as sensed by the sailcraft, ranges from 1.8 10 3.4 keV. A radial-in-EHOF
200-nm sail, moving at 15 AUAT, is characterized by a backscattering yield equal to 0.039 and a backscatterimg
energy fraction of 0.205; therefore, 99.2 percent of the solar-wind proton energy flux is deposited on the sail (in
a max depth equal to 110 nm). On the other side, 2 130-nm 22-AU/yr sail at perihelion absorbs 97.8 percent of
the proton energy flux (in 115 nm). Along 2 trajectory. sailcraft experiences differential proton energy flux,
which changes as sail orientation and sailcraft position & velocity evolve.
Energy from UV photons and solar-wind protons, absorbed by the reflective sail m.terial through a very short
thickness, alters reflectance and absorptance permanently. Mathematically, the independent variable is the
encrgy fluence, of which equarions IV-21 and IV-23 rcpresent our present cvaluation. Here, we adopt the
following model of optical-parameters change

Sa=a,,,—a,,=A(P)

(g +d i )(1-3) + a,,,, +8a =1

=

Teeniat = (1=6) it » Dt =(1-5) Aoy -
This model entails that we should have some experimental data about absorptance change, namely, the function
A of fluence at time ¢, from which we could calculate the alteration in reflectance (since we know how to

calculate the ideal or reference optics discussed in §IV.3). The second equation in IV-24 assumes that the
relative changes of both specular and diffuse reflectance are equal to one another. Thus, immediately we get

6=A(Y)/ (Nt + D s av-25)

Equations IV-24 have been written to having changes as positive quantities. Finally, though sail material
emissivity does not change as a temperature function, however its actual range is shifted according to the
absorptance change. Thus, all thermo-optical sail parameters entering the sailcraft motion equations are modified
by the UV field and solar plasma that the sail gradually experiences.

On 2 conceptual basis, onc can note that when surface roughness (an internal degradation) is introduced, part of
the specular reflectance turns into diffuse reflectance. In contrast, when external degradation is considered, part
of the total reflectance turns into absorptance.

(Iv-24)

4.1  Integro-Differential Equations of Sailcraft Motion

Despite the simplicity of the above particular model, the mathematical problem that stern  from any optical
degradation model consists of parameters depending on some quantity that is, at any time ¢ > 0, function of the
previous history of the sailcraft trajectory. The optical parameters, modified through the energy fluence that
depends on the sailcraft state evolution in [#, ,¢], determine the actual lightness vector at time ¢ that affects the

sailcraft motion during the interval (t,t +dt] . Equations IV-2, IV-15 (or IV-18), IV-24 and IV-25 are coupled

As soon as the last three equations are substituted into IV-2, equations of sailcraft motion appear as a system of
integro-differential equations (IDE). In other words, whereas the ideal optics for sail entails 2 system of ODE,

the introduction of optical degradation requires the numerical integration of 2 system of IDE for computing the
sailcraft motion. _ .

In the computer code shortly described in §IV.S, we had 10 modify some of the routines of the numerical

integrators used for ODE in order to deal with the problem of optical degradation (even though model [V-24 is

formally simple). In §IV.6, we shall show that some sailcraft trajectories are significantly affected by 2

progressive change of the thermo-optical sail parameters.
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4.2  Experimental Data Fitting

What rematzs 1o do here is to discuss the determination of the function A('¥’). We began with the experimental

data reported m (Werts ez al., 2000), but we proceeded with using a different fitting procedure 1n order to be
compliant with our present optical model As of September 2001, the paper by Wertz was the only one, on this
matter, supplied by NASA/MSFC to the author of this chaprer. In addition, some of the public space literature on
the UV-photon-induced Gegradation cither regards organic materials or has contradictory results about thin metal
films. In such literature, topics are not oriented specifically to solar sailing materials. Thus, m using data from
Wertz paper, we had 1c assume that electron-dose damage may be similar to solar-wind proton’s. No reliable
Jata about UV-induced damage of Al-Crfilms have been found by the anthor at the writing tme. Nevertheless,
the theoreticz]l model described in this section and some conscyuences reported in §IV.6 may be of considerable
imponance for solar sailing in general, even though we deal with only one f the pieces ¢ the actual change of
the thermo-optical sail parameters. With this in mind, we procceded to the computation of the A-function into
two steps. First, we fitted the experimental data of absorptance as function of the (electron) dose by considering
that (1) if dose is very low, then the actual absorptance practically coincides with the ideal one, (2) if dose is
very high, then the matenal is completely degraded, in practice ¢___, —> 1. This has carried out the following fit

actual
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In the above plot, D, denotes the electron dose expressed in Mrads (1 Mrad = 10° Gy). Experimental data
regarded beams incident orthogonally to the specimen surface. This fit produces absorptance residuals of zero
mean (<1E-14) and standard deviation equal to 0.00085.

The second step consisted vf transforming dose into enecrgy fluence by utilizing the specimen materials, their
geometrical configuration (Wertz, 2000) and noting that a,, , (6=0) = 0.0720 (independently of roughness) for
Aluminum. That has resuited into the following absorptance change law

A() = 0.92027 tanh(0.25215 %y} + 0.00793 ‘ (TV-26)

In IV-26, the energy fluence is expressed in MJ/m’. The last term in cquation (TV-26) represems the difference
between the experiment contro] value, taken at (small) non-zero fluence, and the ideal absorptarce value given
above. It has been retained as a small conservative bias; for a real mission. some bias will probably happen due
to the non-negligible time between sail making (on ground) and sail deployment (in space).
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IV.5 A Computer Code

The numerical cases of trajectery optimization presemted extensively in §IV.6 have been computed by vsing a
computer code named Starship/Spaceship Mission Analysis Code (SMAC). The author has implemented SMAC
on PC in the 1986-2001 timeframe.

5.1 General Description

SMAC has been designed and is maintained for computing spacecraft trajectories related to prepulsion modes
such as nuclear/solar clcetric propulsion, antimatter propulsion, space ramjet, laser/microwave sailing, solar
sailing. plasma-driven sailing and any physically-admissible combination two-three modes. Obviously, some
combinations of modes are hard to be realized in practice: they are useful for evaluation analysis and/or
performance limit. User can perform trajectory computation in either classical or (full) relativistic dynamics.
(SMAC was used by the author in his research on interstellar flight in the 1988-90 timeframe and during the
AURCRA Collaboration mentioned in §1V.3). SMAC is now in full Fortran-90,95 and cuwrendy runs under MS-
Windows 98-SE. User graphic interface (GUT) has been designed in MS-Visual Basic 5. SMAC iacludes a 3D
graphic module for quick output visualization.

Current SMAC version (A.45.932) consists of about 24,600 lines. Emploved compiler is a commercial highly
optimized compiler for Pentium-ITI.

Solar-sail mode is one of the most detailed propulsion modes in SMAC. The whole of the solar sailing theory -

described in the previous sections comes from as special case of a more general solar-sailing model embedded in
a set of Foruran modules and procedures: these ones are designed to grow with the user needs.

With regerd to the Interstellar Probe mission concept, Normalized Solar Units (NSU) have been used by setting
GMs. = 1 and Astronomical Unit (AU) = 1. Internal computations have been performed in full double precision
according to IEEE 7534.

5.2 Integrators

SMAC user can select different numerical integrators for different trajectory arcs. 2ccording to the propulsxon
types. star and planetary fields. The available methods for integrating ODE are:

Adams-Bashforth-Mouiton (variable stepsize, variable order)
Bulirsch-Stoer (variable stepsize)
Runge-Kutta-Shank (modificd)
Fixed step
Automatic vaniable stepsize
User-defined variable stepsize
The above three methods are known to be based on quite different principles. They are useful also to compare
high-precision niegration of difficulr mission profiles. Each integrator consists of Fortran proccdures arranged
into three nested levels: the driver routine, the stepper routine and the algorithm rowine. The above integrators

were originally implemented only for ODE in SMAC. Subsequently we have modified the drivers for also
dealing with the integro-differentizl equations system stemming from the optical degradation problem.

53  Optimizers

The user can usc SMAC in cither propagauon—modc or optimization-mode. Trajectories can be optimized in the
Non-Linear Programming (NLP) sense: the analyst can minimize one objective function chosen out of five
cnteria. Optimization may be constrained on either control or state. or both. Additional linear/non-hnear
constraints, relevant 10 special propulsion modes (e.g. the solar sailing) are dealt with, Very shortly, a trajectory
can be scgmented into a number of arcs cach of which is characterized by its own propulsion mode (vne or more
depending on the research purposes), star field, planetary perturbation(s), attitude control parameters,
state/control constraints and so on. Through the GUI, the analyst can choose which controls are to be optimized
arc-by-arc. including launch date and/or part of the initial spacecraft state relatively to either the departure star or
the departure planet. Similarly, the final spacecraft state (at target) can be partially left open.

SMAC knows two robust optimization algorithms: the Marquardt method revised by Levenberg-Marquardt-
Morrison (or the LMM algorithm). the Levenberg-Marquardt method improved by Moré (Argonne Lab., 1980)
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or the LME algorithimi. The original mmplementation of LME was in FORTRAN-IV; it was ported to Fortran-90
by Vulpetti in the Nineties. Its current version in SMAC is either standard or interactive. Dtz to the different
minimum-search policies of the two methods, the analyst may utilize both algoritams for solving problems
cxhibiting many local minima that differ slightly in value or by small amounts of the (optimized) control
parameters, or both.

54 Constants and Standard Files

In addition to what explained in § IV.2.1. the following constants have been used in the present investigation by
this computer code:

Solar Gravitasional Constant  1.327124400180E+20 m’/s®

Astronomical Unit 1.495978706910E+11 m

Unit Mass the spacecraft initial mass [kg]

Solar Constant 1367 Wim’

1 AU/standard year 4.740470 km/s

Solar - adius 6.961E+05 km :
Basic physical constants have been taken from Particle Data Group (2000) available from CERN, LBNL and at
http:/ /pdg.lbl.gov. File DE4O3/LE403 from Jet Propulsion Laboratory (JPL) has been used for planetary

ephemerides. With regard to the assumed value for the solar constant, it is an excess-rounded (by about 0.7
W/mz) average of the daily-means ol the total solar irradiance (that is time-variable) measured by satellite
throughout the year 2000. For details, visit the site http://obsun.pmodwrc.ch. We have considered such value in
this mussion analysis of the Interstellar Probe, for a presumable launch in 2010/201 1, namely, about one solar
cycle from now. Some care about it should be used, in general. Sometimes. one might adopt a round value (1.4
kW/m’) in ronid computation of solar sail trajectories This entails higher lightness numbers that. in turn, could
induce some non-negligible shift of some key quantity (e.g. the perihelion distance). The resultvmay be a non-
lincar (generally optimistic) change of the trajectory performance index.

IV.6 The Case for Interstellar Probe

We shall study ISP mission opporamities involving sailcraft motion reversal. They might be added to the
mussion profiles alrcady analvzed by JPL (Mewaldt er al, 2000). We deal with trajectories from sailcraft
injection into the solar gravitational field 1o the target distance of 200 ATJ in the heliopause nose dirsction.

6.1  Investigation Line and Problem Statement

In its most general form, the lightness vector depends on variables and parameters of different physical origin
that one may group as follows: (a) source-of-light parameters, (b) physical/geometrical sail parameters, (c)
sailcraft swie vanables (mass, position. velocity), (d) environmental parameters, and the time elapsed since
deployment. In particular, L i1s proportional to ©,./0: ¢ is a (technological) control parameter. We shall
analyze aspects of the ISP mission concept through different values of the sailcraft sail loading that, in turn, is

. strongly related to the whole saileraft technology, including the scientific payload. For each value of o,

" rypically we first discuss one (optimized) trajectory opportunity with idezl sail optics and, then, the
corresponding opportunity with optical sail degradation. For the case 6=2 g/m”, more than one ideal-optics
profiles will be presented. The meaning of the term “corresponding™ used above is the following: once the ideal-
optics trajectory has been - ptimized (in the sense described below), one switches from ODE 10 IDE by
considering optical sail degradation; then, optimization is performed by inserting the ideal-optics optimal
controls as the guessed or starting control set. In the next sub-sections, we will discuss six profiles by o ranging
from2.2w1 g/mz.

We computed admissible ranges of geocentric vector position and velocity (or the hyperbolic state) of a sailcraft
in the fuzzy boundaries of the Earth-Moon-Sun system. We considered some of the current launchers capable to
deliver a spacecrafi of (at least) 200-350 kg with hyperbolic excess up to 1 km/s. Significartly higher values of
the hyperbolic excess are excluded here, simply because both direct and reverse motion modes have 1o obey the
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basic mule stated in §IV.2.3. (Obviously, launcher is 2 primary constraint; however, indicating any specific
launcher is not 2 item of this report). The hyperbolic sailcraft state is added to the Earth state at the injection
time, or the mission epoch, of the sailcraft into the solar field. We assume that, at such JD value, sail deployment
& attitude acquisition and any other preliminary operations have been compieted. The whole sailcraft trajectory
is here segmented in five parts: four sailing thrusting arcs (or T-arc) plus one coasting arc (or C-arc) from sail
jettisoning to terget. The first three T-arcs entail a three-axis stabilized attitude control, whereas saileraft is spun
in the fourth one. (Why sail is not jettisoned at few AU past the perihelion has been explained in Chaprer-I1I of
this report). i order to simplify the ISP H-maneuver, we have considered the following trajectory control
parameters:
(1)  Epoch (1) .
(2)  Direction of the geocentric hyperbolic position (rsolved in HIF) at tg
3) Geocentric hyperbolic excess
@ 1% T-arc duration and sail direction constant m EHOF av-27)
(5) 2™ T-arc duration and sail direction constant in HIF
© 3™ T-arc duration and sail direction constant in EHOF
(7) 4% T-arc duration and sail direction constant in HIF
®) 1* C-arc duration
Control sets 4-5-6 represent a simple realization of the 3D H-reversal motior detailed in (Vulpett, 19992). In
addition, we have sct the foliowing constraints:
min(H) > 0 : :
min(R) = 0.2 AU
max(]}) < 600 K
t,~-t, <183yr

(Iv-28)

The following enapoint conditions have been applied
| R(%) - R (2,)| = 0.01776 AU
R(z f)=2oo AU (xv-29)
Aft;)=2545°  ©f,)=75°

We chose the flight time upper limit-in IV-28 such that, combined with the opmmzed coastmg speed, the whole
ISP mission, with a porential prolongation from 200 AU 10 400 AU (Liewer er al., 2000), may last less than a
typical human job time (HJT) or 35 yr. However, the sailcraft distance baseline was fixed at 200 AU. The third
Tow of IV-29 represents the ecliptic longirude-latitude coordinates of the sailcraft target position. The other
endpoiat values have been left free and optimized according to NLP. The index of performance, here, is the
sailcraft speed at 200 AU. Thus, the current problem of astrodynamics can then be stated as follows: ’

Given either the previous ODE or IDE system, describing the motion of a sailcraft in the solar
system, with vector state S=[m R V]' drivenfroms, to S , (partially-fixed siates) by the
control {U} (defined in IV-27), find the special set {U™ } that maximizes the saiicraft speed at
t, while satisfying the linear and non-linear constraints IV-28.

V=30

As far as the planetary perturbations are concerned, we considered both inner and outer planets; eventual
planetary swing(s)-by of the sailcraft is(are) computed during the trajectory optimization process. When in the
solar field, gravitational perturbation from the Earth-Moon system to the sailcraft is modeled as stemming from
their tarycenter.
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6.2  Arrangement of the Results

In the following subsections, we discuss the numerical results of the problem stated in §IV.6.1. For each case
and for each optimization, we have arranged the main results in six-Figure tables (on a onc-per-page basis),
which are grouped sequentially in §TV.6.11. Each table contains an header reporting the values of the quantities
by which we made mission profiles distinct. They are: sailcraft sail loading (input), root mean square roughness
(input), optical sail degradation switch (input), zctual sailcraft perihelion (output). Each Figure in a set is labeled
by both paragraph (of discussion) and progressive number. Figures 1-2 regard the projection of the sailcraft
trajectory onto the ecliptic, or the XY plane, and the YZ plane. The orbits of the first four planets are also shown
in the two plot windows. Figure 3 shows the evolution of the A-invariant. On the lelt side of the A mini:num, the
sailcraft motion is direct, whereas on the right side it is reversed. The ensuing sailcraft cruise phase “saturates™
the invariant. This behavior, which looks like a sort of “square root™, is quite general for the 3D H-reversal mode
aimed at getting away from the solar system. Time at which the vector H crosses the ecliptic plane is shown by a
vertical segment in Fig.-3. Reversal time decreases with the sailcraft sail loading. Figure 4 is the plot of the time-
history of the lightness vector components (in EHOF). Motion reversal line is shown again. Controlling the first
three T-arcs entails L(1) continuous, whereas the optimal spin-stabilized T-arc requires an attinde maneuver.
After such a maneuver, supercritical saileraft results in a quasi-radial lightness vector. In contrast, sub-critical

saileraft shows high non-radial numbers: the transversal number increases energy while the normal number -

steers to the target direction. During the spin phase, the radial number is close to unity or higher, so
counterbalancing or overcoming the solar gravitational acceleration. Sailcraft speed and orbital energy are
graphed in Figure 5. There, the perihelion time (vertical) line is added to show that maxima of speed and energy -
take place past the perihelion, with the following distinction: supercritical sailcraft exhibits a local maximum of
speed and an asymprotic maximum of energy, whereas sub-critical sailcraft evidences asymptotic maxima of
both. With regard to Figure 6, we plotted the history of sail temperature for the ideal sail opiics (i.e. switching
degradation to off); when degradation=ON, we rcponed temperature, fluence and change of optical sail
parameters altogether.

All Figures focus on suitable time wmdows that h1ghhght the behaviour of functions. In discussing results, we
limit ourselves to some points, whereas othcr considerations. which can be read out easily from Figures, are left
to the reader.

Tablc IV.7-1 summarizes the main input and output valucs. We shall refer also to this t:ablc in discussing resuits.

Unless otherwisc specified, the root mean square roughness has been fixed to 20 nm. This means that a
roughness uncertainty from 3 standard deviations or 60 nm is reasonably compliant with the construction of 2
large surface with Aluminum-Chromium film nominaily 200 nm thick.

Sailcraft sail loading will be given with two decimal digits. Units are grams per square meter. This means that, in
the range considered in the present anclysis, two mission profiles differing by less than 0.01 g/m m this
technological quantity can be considered identical, in practice.

63  The2.20 g/m’ case

This case has been considered to show the difficulty of a sailcraft 0of 2.2 g./m to move as fast as the ISP mission
concept would require.

Figures IV.6.3-[1-G] show the optimized profile for ideal optics. Radial, transversal and normal lightness
numbers are such that motion reversal can take place. Orbital angular momentum decreases in magnitude and
bends progressively until it lies on the ecliptic plane. 1.492 years after injection. At such a time, the transversal
number vanishes and the normal number achieves its local positive maximum, according to the theory. Since this
instant on, the transversal component of the lighmess vector becomes positive whereas angular momentum
bending continues as the normal number is still positive. As a result, sailcraft motion reverses while energy
increases. Sailcraft moves toward the Sun with increasing speed not only because porential energy decreases but
also since total energy augments significantly. Jt achieves the escape point (£=0) and rapidly rises before the
perihelion. Acceleration Keeps on after the perihelion. but now the norn:al number goes to zero from the right
side, while the sailcraft distance from the Sun rapidly increases because of the very high speed. All this means
that angular momentum siops bending and the A-function evolves asymptotically. The subsequent amitude
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maneuver for getiing a spinning sailcraft completes both speed keeping and steenng of satlcraft toward the target
direction.
In the current framework, the 2bove description applies qualitatively to any H-reversal evolution. However, 2s
we decrease the sailcraft sail loading, we will find a corresponding progressive shifting of values (mot of
behavior) that is important in the ISP context. ’
In the present case, the direct motion arc — always characterized by the H-invariznt decrease - is slow because
_the ransversal number, responsible for the energy change, is not negative enough. Even the radial numb<r is not
sufficiently greater than 1/2 for allowing a high perihelion. Consequentl;’, if one wants a cruise speed sadsfying
the mission flight-time constraint, then perihelion has to be low. Getting a cruise speed more than 14 AUAT
entails a non-negligible perihelion viclation, namely, Rp=0.175 AU here. Suck a low perihelion may not be a
problem, in generzl, for an advanced sailcraft. The true problem arises in the presence of optical degradation
To figure our better, 2 sailcraft trajectory - satisfying active constraints - may be generally regarded as a sort of
delicate compromise between conflicting key quantities such as hyperbolic state (with respect to the departure
planet), tirze interval to perihelion, perihelion distance, sail temperature effects, range of lightness numbers, and
so on. They “interact” to each other, of course. As pointed out, in the current case the lightness numbers are not
so high to decelerate sailcraft fast enough. Thus, soiar-wind energy fluence increases and induces a strong
absorptance change. This one, in turn, increases sail temperature significanmtly. On the other side, if ore
decreased the hyperbolic excess at epoch. then a time-to-perihelion reduction could take place; nevertheless,
since the radial lightness number docs not depend on hyperbolic excess, one would have a further lowering of
perihelion and an additional increase of the fluence on the sail. Thus, in getting a trajectory satisfying perihelion
and temperature constraints, both baseline and extended-mission flight times-exceed their limits, as reported in
Table IV.7-1, as cruise speed falls down to 11 AU/yr. The present value of o- may be considered in a transition
zone (relatively to the ISP mission concept) where some constraint, unavoidably, cennot be satisfied.

6. 4 The 2.10 g/m’” case »

As pointed out above, L depends on & non-hnearly With respect to the previous case, a decrea;e of 4.5 percent
in o induces a change of 9.6 percert in the range of the optimal rransversal lighmess number of the direct- .
motion arc (ideal optics, Figures IV.6.4-[1-6]). Thxs quantity is the major respoasible for the change of key
values with respect to those ones related to 2. 20-g/m As a point of fact, even though the radial number varies
by about 1 percent, H-reversal time and perihelion time are back shifted by 15.7 and 13.1 percent, respectively.
Every constraint is satisficd; in particular, perihelion takes place at 0.204 AU. Note that the duration of the 2% T-
arc decreases from about 60 to 33.5 days.: In this arc, the angular momentum bends and reveises by passing
through 2 minimum in magnitude. The interval of such a T-arc is a non-linear function of the sailerafl sail _
loading. Its allocation after the 1% T-arc, where the sailcraft’s deccleration oceurs, is a key factor for achieving
the condition of motion reversal.

~ Optical degradation brings on perihelion rising of 0.044 AU with a delay of 84 daV> (or about 14.9 percent) with
" respect to the just-mentioned ideal-optics case. However, relatively to the 2.20 g/m casc, the gain” in terms of
mean distance and time in the pre-perihelion motion is such that fluence at perihelion decreases down 1o 0.57
MJ/m” or 3.4 percent. This is enough to not violate the temperature limit and get a good margin. Flucnce
saturation is achieved twq years after injection. namely. one year (or 30 percent) in advance with respect 1o the
2.20-case. Trajectory profiles are shown in Figures IV.6.4-[7-12]. Onc has only a shght violation (0.1 yr) of the
baseline flight time. Cruise speed amounts.to 12.23 AU/AT.

In the current framework. the 2.10 g/m case could be considered the lower bound of the above-mentioned
transition from mission infeasibilizy to mission feasibility.

6.5  The 2.00 g/m’ case

The present o value is very close to that considered for ISP in (Mewaldt and Liewer, 2000) and {Liewer er al.,
2000). We first present a number of trajectory profiles with different values of the root mean square roughness.
Key values are collected in background-colored rows of Table TV.7-1.

- IV-18



In principle, the best case one may envisage is a sail with neither roughness nor degradation. Plots related to this
special case of optimized trajectory are shown in Figures IV.65-[1-6). Pre-perihelion trajectory is almaost
tangential to the Mars orbit. Motion reversal begins after 321 days (since injection) with Hmn=0.0226 AUzlyr
The sailcraft proceeds to perihelion, in 2bout 76 days, with a speed of 16.78 AUfyT; maximum speed is as high
as 17.79 AU’yr. However, since the max value (0.736) of the lightness number is less than unity even in this
ideal case, speed has to decrease while sailcraft recedes from the Sun. Nevertheless, a cruise speed of 15.22
AUfyr is achievable by satisfying constraints widely. This results in baseline flight time of about 14.2 yr with
additional 13 vyr to accomplish the prolonged mission. In one HIT, sailcraft could reach 516 AU.

Figures IV.6.5-[7-12] show that this performnance is decreased only slightly if the sail were made with a root

mean square roughness equal to 10 nm. This is 2 direct consequence of the diffuse-reflectance law given by

equation IV-20. The most visible differences are: earlier launch date (on October 7).by almost three days, the
increase of the hyperbolic excess om 10 mys to 70 myvs. Both compensate for the (low) reduction of transversal
- lightness number; thus, without remarkable changes in the other decision parameters, perihelion remains
unchanged and cruise speed can be kept over 15 AU/T. In one HIT, sailcraft could reach 509 AU,

There is still 2 good margin in accepting a sail made with higher roughness § and, a1 the same time, finding a
perihelion very close to the value given in (Liewer ef al, 2000). The set of plots for =20 nm and ideal optics are
displayed in Figures IV.6.5-[13-18). The pre-perikelion arc elongates beyond the Mars orbit, H-reversal delays
by 61 days (Hmiz=0.0115 AU*/yr) and perihelion occurs at 0.24 AU. As a result, cruise speed decreases to 13.17
AUfyr. However, both baseline and extended mission flight times satisfy the related constraints (even though the
extended mission lasts four years more). In one IJT, sailcraft could rcach 443 AU.

This 6=20 ideal-optics solution is important since it is changed cxiguously. injection date included, by the optical
degradarion (Figurcs [V.6.5-{19-24]). As 2 point of fact, the lighmess numbers are still sufficiently high to
ultimately keep fluence below 0.55 MJ/m” around thc penhellon.»'mus, iemperature constraint is not violated
(Tmax=587 K). Fluence achieves saturation (0.7 MJ/m? Yin 1.7 yr. ~From Table IV. 7-1, one can s¢e that both time

to and speed at 200 AU are such that 441 AU could be achieved in one HJT. In addition, the current cruise speed -

of 13.13 AUAT compares well to V7 or 14.41 AU/yr, given by equation IV-6 (which does not include any -

degradation).

From what so fer described, one should note that decreasing the sailcraft szil loading from 2.2 to 2.0 g/m” means
moving from nisk 1o feasibilily, at least from the nominal-mission viewpoint.

6.6 The 1.80 g/m’ case

In full degradation coaditions, the value of 2.00 g/m’ would cause a temperature viclation if one anempled to
use a perihelion even reduced by 0.011 AU. For instance, some sail control errors may force to flyby the Sun ata
lower distance during the real flight. On the other hand, some meaningful perihelion decrease is necessary 1o
increase the cruise speed That may be accomplished by further reducing the sailcraft sail loading. In the ideal-

optics mode, 1.80 ng would allow the sailcraft to flyby the Sun at R=020 AU and to complete the extended
mission in 26.2 yeass. One would get 538 AU in 1 JHT.

However, in the optical-degradation mode, perihelion cannot be lower than 0.22 AU. At thJs value, fluence takes

on 0.5 MJ/m’ that induces 597 K of max sail temperature. Fluence saturates at 0.64 MJ/m’, practically achieved
in 1.1 yr. With this perihelion, cruise speed comes to 14.8 AUAT; whence, baseline flight time amounts to about
14.4 yr and the extended mission lasts 27.9 vr. After a time equal to 1 HIT, sailcraft would achieve 505 AU.
Plots of the current case are displayed in Figures IV.6.6-[1-12].

The main advantage siemming from making the ISP saiicraft with 1.8 g/m® instead of 2.0 g/m” would consist of
flight error counterbalance through a set of admissible backup trajectories with respect to a nomtnal trajectory

having 0.22 AU < Rp < 0.25 AU, especially if the actual energy fluence were 10 resu.ll meaningfully different
from the predicted one.
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6.7  TheCritical Case

As we know, the attribute critical refers normally to the equality between the sailcraft sail loading and that ideal
value, which would allow a sailcraft to balance the solar gravity exactly. We mentioned in §IV.3 that such value
pertains to a perfectly reflecting sail (at-rest in HIF) oriented radially and receiving light from the point-like Sun.
However, any real sailcraft at criticality, i.e. with o =0, would exhibit 2 maximum value of the lightness
number Jower than unity at any time, as its thrust efficiency is certainly less than unity throughout the flight.
Besides, the max value of this efficiency in this case is close to 0.87. Consequently, such a sailcraft would not be

dynamically critical, inasmuch as the lightness number would be meaningfully lowcr than one throughout the
flight. We shall go forward to analyzing some sub-critical cases.

68  The 1.28 g/m* case

In terms of o, this sub-critical 1.28 is as distant from o'c as 1.80 is. For an 'aml—opucs sail, the pre-perﬂ:ehon arc
is characterized by a mean value of the ransversal number equal to —0.375. This is sufficient negative o lower
aphelion, increase energy loss and achieve perihelion (0.20 AU) in 212-days.-After the attitude mancuver at the
beginning of the fourth T-arc (at 0.27 AU), the post-peribelion trajectory arc exhibits comparable values of all
components of the lightness vector. This allows both energy and speed to evolve with profiles practically flat
throughout the fourth T-arc (that ends at 120 AU). Strictly speaking. the local maximum of sailcraft speed still
exists, but it is so broad, on the right, that it is rendered indistinet from the cruise level or 20.8 AU/yr. Bascline
mission could be accomplished in 10.2 yr. Sailcraft could reach 716 AU in 1 HJT.

When optical sail degradation is considered, the pre-penhchon arc is still so fast that, very close to the
perihelion, solar-wind energy fluence is as low as 0.37 MJ/m? at which sail temperature rises to 578 K, its max
value. Sail achieves fluence saturation (0.48 MJ/m® ) in 0.7 yr since injection. The optimal profiles for optical-

degradation are very similar to those ones without it. One value for all, ISP would reach a distance, again. equal
to 716 AU in 1 HJT.

This case is shown in Figures IV.6.8-[1-12]. .

6.9 The 1.00 g/m’ case
In contrast to the above cases, some lightness number can now be greater than unity in some T-arcs; in
particular, one gets A=124, 2,=1.17, A,=0.34 (idecal optics) in the spinning-sail T-arc. The main result
consists of obtaining the sailcraft speed increasing as sailcraft moves far away from the Sun. As a point of fact,
once the sailcraft overcomes the perihelion, some maneuver can be accomplished in order to reorient the sail
with a radial number constantly greater than unity. Thus, the local speed maximum of the previous cases has
- “evolved” into an asymptatic absolute maximum. The H-reversal arc duration is stiil quite manageable (2 days)
The optimal profiles are shown in Figures IV.6.9-[1-6}. -
By including optical degradation, the above set of lighmess values chang&; into
A=z=1.14, 4,=1.08, A, =0.29, which allows sailcraft to accelerate again asymptotically. The related profiles
are shown in Figures IV. 6.9- [7-12}. Sail temperature takes on a max value of 547 K at fluence equal to 0.31
MJV/m®. The dynamical output one gets at 200 AU consists of sailcraft speed equal to 23.5 AUfyr. Baseline
mussion lasts 9.03 years, whereas the extended mission to 400 AU may be accomplished in less than 18 years.
809 AU could be reached in one HIT.
From Table IV.7-1, onc can note that the current max valuc of sail temperaturc is the lowest onc out of all cascs
hitherto analyzed. (The temperare margin may be used to design a new profile with perihelion less than 0.2
AU, but still keeping fluence sufficiently low not to violate 600 K. Such an analysis may be among the topics of
'z future study on faster ISP). Finally, one should note that, in this case of sub-critical sailcraft sail loading, V?
amounts to 21.34 AU/yr, namely, /ower than the current cruise speed. It is to be ascribed mainly to the large
transversal lightness number that can change energy (equation IV-5¢) to overcome the pure-radial solution
significantly.

- V=20



6.10

Further Remarks

Keeping the sail attitude constant, or so, in the sailcraft orbital frame entails that the sail axis has to be
rotated sufficiently fast in the inertial frame, especially when sailcraft moves around the perihelion. For
instance, the attitude control system has to output about 5.7 dcg/day and 15.1 deg/day for the 2 g/m2 and
1 g’mz case, respectively. In the present model of sailcraft, although detailed system description and
modeling is beyond the scope of this report, we assumed 2 small-rocket attitode control; each pair of
micro-engines (endowed with small solar panel) is placed on the sail rim. In the fastest trajectories here
analyzcd, maximum fuel consumption is Iess than 1 percent of the inital sajlcraft mass. In general, a
“mixed” attitude conwol system may be considered: non-rocket devices (Wright, 1993) and micro-
thrusters. depending on the distance from the Sun and the trajectory control requirements.

The optimal trajectory profiles presented in this report are characterized. among many things. by a
double-crossing of the ecliptic plane, with the perihelion between the two. Perihelion latitude ranges
frormn —14.8° 10 —47.8°. Therefore, there is no geometric problem in the sailcrafi-Earth communication
around the perihelion. What shall be analvzed in detail is the location of the onboard antenna with
respect to the sail.

In addition 10 the mission unfeasibility-feasibility transition, there exist another special value of the
sailcraft sail loading. For the ISP-mission Al-Cr sail spacecraft with H-reversal motion, this value is very
close to 13 g/mz. Below it, the pre-perihelion trajectory arc can be so fast that (despite the angle
between sailcraft position and velocity is significantly greater than 90° for over 50 percent of time), the
optimal performance indexes of the ideal-optics and the optical-degradation flights can be considered
equal to one another (< 1 percent). Above this limit. the influence of the energy fluence on mission
teasibility cannot be neglected. Reasonably, such a feature should hold even for a direct-motion fly-by
of the Sun. At the time of this writing, though, it is not known.

A sailcraft with 12 g/mz. or less, would be able to fast explore the solar gravitational lens in deeper
focal zones. For instance, if sailcraft were able to fly-by the Sun at perihelion equal to 0.15 AU
(Vulpetd. 2000). it could navigate the interval from 763 AU to 821 AU in 2.3 yr and reach §21 AU after
32.2 yr since injection. That would be appropriate for obscrving distant photon sources in the range

‘from 160.4 GHz to 122.3 GHz (Maccone, 2000). At 122.3 GHz, the photon path bending due to the solar

gravity is counterbalanced by the contrary deflection caused by the solar corona plasma. Photon
frequencies different from such no-lensing value behave differently in total deflection. In the context of

"~ a generalized ISP mission concept, such a potential flight may be revisited by adding optical

degradation, telecommunication system and launcher constraint.
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IV.7 Summary Table

Table Iv.7-1. ISP H-reversal trajectory opportunity. main features from the optimal profiles discussed in §IV.6. Constraint
violation is marked bold. fza/cfigures in the rightmost column represent the flight time of the extended mission to 400 AU.

i Optical Pe'rihelion Aphe//_'anln Time to Time to Time to Max Sail Speed Time to
o lg/m2] | &[nm] Degradation distance |pre-perihefion Aphelion H-reversal | Perihelion | Temperature | at 200 AU | 200 | 400AU
. [au) arc [AU] [year] fyear] ivear] K] [au/yr) [year]
220 20 off 0.175 2.130 0.931 1.492 1.776 530 1434 15.698 | 29.65 :
220 20 ON 0.261 2636 1283 1933 2470 574 11.02 20565 | 38.71
! 210 20 or 0204 1938 0.306 1258 1543 490 1320 16.667 | 31.82 \
{210 20 ON 0248 2118 0.922 1.393 1773 584 _ 1223 18.096 [ 34.45 |
{ 200 00 Off 020 " 1570 . ,05_567 -0.879 . 1.086 492 1522 14211127.35 |
i 200 10 Off 020 1.613 0583 0922 1.137 - 490 15.04 14.424|27.72
200 20 Off 024 - 1.80% 0716 | - 1.08% 1383 450 13.17 16543[31.73
2.00 20 ON 024 1.827 . 0.726 1.105 1.405 ‘587 13.13 16,611 |31.84J;
1.80 20 of 0.20 1.426 0457 0.736 0913 487 15.79 13.565|2623
1.80 20 ON 022 1470 0.485 0.769 0.967 597 1484 144292791 -
128 20 off 0.20 1.158 0257 0.462 0581 471 20.79 10201179.82
128 20 ON - 020 1.159 .0257 0.464 0582 578 20.79 10202 79.82
1.00 20 of 020 1.099 - 0201 0390 0.496 458 2357 8986|1747
1.00 20 ON 020 1.099 0201 0391 0496 - 54701 2346 902611755
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IV.8 Feasibility of ISP from Trajectory Design Viewpoint

These following considerations complement those made in §IV.6.10. As it is well known, Interstellar Probe is
not only a sophisticated scientific mission concept; among the main things, it should prove that it is possible 10
trave] fast to distant targets with low cost and high reliability. These features generally depend on sailcraft
operations, no other propulsion (apart from lifting off, of course), strong increase of the launch window, higher
number of missions per time unit (e.g. on 2 quinguennium basis) and so forth. Thus, the existence of an
additional launch opportunity for the ISP mission concept should be of high concern. Previous sections have, no
doubt, shown that there exists such an opportunity for ISP sailcraft, in Octcber of every year. This could be
accomplished by utilizing one of the several peculiarities of space sailing: the fly-by of the Sun via motion
reversal. A spectrum of fourteen optimized mission profiles have been computed by a code that takes into
account a high number of real effects. Distinct trajectories correspond to different key parameters such as the
sailcraft sail loading, sail roughness and optical sail degradation due to solar wind. (Ultraviolet-photon
degradation was not considered by lack of experimental data appropriate to solar sailing). Solar wind fluence has
been recognized relevant to a saileraft approaching the Sun closely. In addition, a major item has consisted of
dealing with integro-differential equations for modeling sailcraft motion appropriately. Optical degradation, with
constraints on temperature, perihelion and flight time, has resulted mn a key item for dcsigning some fast sailcraft
trajectory to many hundreds of AU. By considering both baseline and extended mission concepts, ISP 1s
cerainly feasible from motion-reversal trajectory viewpoint if the sailcraft sail Ioadmg is lower than 2.1 g/m .
The current literature value of the ISP-sailcraft sail loading 15 very close 10 2 g’m This is a value sufficiently
lower than the above threshold to allow the following time line (since injection): (1) launching in October, (2)
flying-by the Sun at 0.24 AU after 1.40 years, (3) achieving 200 AU after 16.6, (4) extending the mission to 400
AU by 15.2 years more. (A slightly low:r value of the sailcraft sail loading in the range [1.9, 1.95] g/m is
suggested to deal with small attitude control errors). These ones and the other numerical results, discussed in this
docurnent, should be considered realistic enough due to the many key elements and detailed features included i in
- the present dynamical model of sailcraft motion.

IV.9 Conclusions and Future Research

The analysis performed so far, and presented in this report, is sufficiently general in some aspects to allow us to
suggest some major lines for future investigation. They may be expressed as follows

A ISP feasibility: additional aspects are to be investigated and improved, of course; however, it is hard that
the ISP concept may result unfeasible from mission viewpoint That is enforced by rwe launch
opportunities per year. By considering how complex and various are solar-sailing trajectories, it would
be interesting to investigate whether there is some other opportunity.

B. Optical sail degradation: there is the need for additional experimental datz about solar wind and new data
on UV. Once again, we stress that the evolution of the optical sail parameters is one of the major aspects
of solar sailing. Other potential missions close to the Sun may benefit from such data; for instance, a
solar-sail mission to solar poles, with final orbit achieving 90° in heliographic latitude, should be
investigated with respect to this critical point as well. Furthermore, a future interplanetary sail shuttle
might be limited in lifetime by optical degradation before any other system fails.

C. A sensitivity analysis on the baseline ISP profile is strongly recommended. The optimization process
performed in this work was rather complicated: although not reported here since beyond the present
aims, however it revealed that many decision paramecters affcct the solar sajleraft flyby very diffcrently.

D. Aluminum-Chromium is appropriate for the ISP of first generation (400 AU). Asscssing fcasibility for
second-generation ISP (800-1000 AU) with perihelion at 0.15 AU would deserve a dedicated study. New
sail materials, e.g. according to the line open by Matloff (Matloff, 1997-2000). should bc investigated for
third-generation ISP that, for instance, may achieve 10 light-days in one human job time, or less.
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Members of the Intemnational Academy of Astronautics (1AA) Committee on
Space : Society, Culture, and Education suggested to committee membe C Bangs,
that she curate an art show in conjunction with the meeting Missions to the Outer
Solar System and Beyond, 3rd IAA symposium on Realistic Near-Term Advanced
Scientific Space Missions, in Aosta, Italy on July 3-5 2000 , chaired by Giancario
Genta of Palitechnico di Torino. Through the not-for-profit gallery/altemative-space she
is affiliated with (Art Resource Transfer Inc., 210 11th Avenue, New York, NY 10011,
phone : 212-681-5856), Ms. Bangs posted a “Call for Art.”

Approximately 35 artists participated in this show, which was cailed “Messages
from Earth.” The premise was to show what a selection of artists would mount on an
interstellar probe as a message plaque. The work was submitted on 21 X 27.5
centimeter color xeroxes. Copies of these are in the permanent collection of the Aosta
City Hall. Copies of many of these pieces are permanently installed at Marshall
Spaceflight Center in the office of Les Johnson, Space Transportation Directorate.

One of the participants in the Aosta IAA Symposium was Dr. Robert Ferward,
who suggested to Ms. Bangs that holography was a good medium for the art in an
interstellar message plaque. As well as encouraging Ms. Bangs, Dr. Forward
suggested to Les Johnson that some funds should be devoted to this effort.

A monochromatic ho!ogram is produced by the interaction of two mutually-
coherent laser beams. One is the unmodifiec original o reference beam; The second
is separated from the original beam by an optical beam splitter, passed around the
target object and then recombined with the original beam. The interference pattern of
the two beams is recorded on a photographic plate. If the exposed photographic plate
is then placed within the monochromatic reference beam, a three-dimensional
photograph, or hologram, of the original object, can be viewed (Caulfield, 1972 and
Saxny, 1988).

A rainbow or ‘Benton” hologram utilizes the interference of two pamally-
coherent polychromatic beams to produce a three dimensional image of an object that
can be viewed in white or polychromatic light. The “master” holgram , produced in
monochromatic light is masked off to a narrow horizontal slit which forms an image
_ hologram in which the vertical information in the master is replaced by a diffraction
grating. When the image helogram is fiipped, the slit image is projected close to the
eye of the viewer. When the image hologram is illuminated with polychromatic light,
the slit's image varies in position as a function of wavelength. The viewer sees a three-
dimensional image in white fight of the original object, in which the spectral hue
depends upon the height of the viewpoint. Variations in the image-exposure process
on the master can result in a polychromatic rainbow hologram.

It is possible to expose many “multipiexed” holographic images on the same
rainbow hologram. Individual images are viewed in white light by altering the angle
between the viewer and the photographic piate.

The hologram prepared by Ms. Bangs has seven independent |mages Oneis
an Apollo 16 photograph of the full Earth that is printed on acetate and serves as a
backdrop to the holographic images. The six holographnc images mclude two-
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dimensional and three-dimensional representations. The four two-dimensional
representations include equations of solar-sail acceleration, a representation of ISP
trajectory and Earth’s location in the solar system and galaxy and line drawings of two
figures. These figures include an adult human male with his paim raised in greeting
and an adult human female standing for scale near a representation of the ISP
payload. In the spirit of the Pioneer 10 /11 message plaque (Sagan, 1975), both
figures incorporate features of an amalgam of the various human races. The two three-
dimensional images are scuplted and painted representations of a woman and man.

The rainbow hologram was created at the Holocenter : Center for Holographic
Arts (45-10 Court Square, Long Island City, NY 11101 , phone 718-784-5065) during
Spring 2001. Holocenter staff assisting with the preparation of the rainbow hologram
included Sam Moree, Ana Maria Nicholson, and Dan Schweitzer. The dimensions of
the holographic plate are 40 X 50 centimeters. The finished piece was framed by
Simon, Liu Inc. 645 Dean Street, Brookiyn, New York 11238 (718) 638-7292. In
framing the piece the acetate with the image of the Earth had to be separated from the
actual hologram.

The finished and framed rainbow hologram was delivered to Les Johnson of the
MSFC Space Transportation Directorate during summer 2001. Under normal
illumination, all but one of the images (that being the image of trhe ISP trajectory and
Earth location) can be readily viewed. Photographs of the images on the rainbow
hologram in sunlight were shot in July 2001. Some of these are included as Fig. 5-1.

In his NASA / ASEE Summer 2001 faculty fellowship presentation, the Pl .
attempted to estimate the information content of holographic interstellar message
plaque. This estimate is partially based upon discussions with Dan Schweitzer of the
Holocenter, who states that at least 30 separate mulitiplexed images can be exposed
on one holographic plate.

Assume that the active portion of the photographic plate has dimensions 35 x
46 cm. A rainbow hologram can store three-dimensional reduced-size images
Assume that each stored image has dimensions of 2 X 2 cm and is placed on one face
of a three-dimesional cube. Each multiplexed image stored on the holographic plate
can include more than 250 cubes or more than 1000 reduced-size images. Since 30
separate multiplexed images can be included on one rainbow hologram, more than
30,000 separate reduced-size images can be included on one 35 x 46 cm rainbow
hologram.- A rainbow hologram's minimum thickness is in the micron range. John
Caulfield of Fisk University suspects that a state-of-the-art holographic message
plaque could accomodate as many as 300,000 reduced-size images.
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hapter VI : Simulat Envir ntal Eff n_Hol

in early June 2001, a series of meetings took place at the Space Environbment
facility at NASA MSFC and the National Space Science Technology Center (NSSTC)
at University of Alabama, Huntsville . Attendees ..icluded the authors of this report
(with the exception of Dr. Vulpetti), members of the Space Environments team and
MSFC Space Transportation Directorate, and holograph expert Dr. John Caulfield ,
who is currently affiliated with Fisk University.

A strategy waz developed to test commercial sample white-lighi nolograms for
their resistance to simulated long-term exposure to solar-wind radiaticn, perform a
literature search for previous studies of radiation effects on holograms, and investigate
applications of holoography in space in addition to the holographic message plaque
described in the preceeding chapter.

Most of the results of the studies are presented in this chapter. A possibie
application of holography to in-space propulsion is discussed in the Appendix to this
report.

Vi1 iation T

The first step was to obtain commercial holographic samples. During the late -
winter of 2001, C Bangs discussed with staff members of the Holocenter (see Chap. 5)
the availability of commercial white-light hologram samples. Following their leads, she
contacted Spectratek Technologies Inc., 5405 Jandy Place, Los angeles, CA S0066.
An initial packet cf sample holograms was mailed to her by Sandra Rychly of
Spectratek. One application of these commercial holograms is holographic wrapping
paper.

Spectratek was coniacted in early June 2001 after the first set of meetings at
MSFC and NSSTC. Sample holograms of many varieties we~2 promptly mailed to the
Space Environments team by Barry Levenson of Spectratek.

The following strategy was used to test the samples. It was first necessary to
select a subset of holographic varieties to be tested. Samples of each variety were
baked at 100 C for 48 hours under high vacuum to remove impurities, after an
unbaked sample (denoted by “U") was put aside. The four Spectratek varieties
selected for study were “ripple”, “rain”, “hyperplaid,” and “sparkles’

One baked sample of each variety was then stored as the Control (or “C”")
sample. Samples 1, 2, and 3 of each variety were then exposed to various dosages of
simulated solar-wind radiation (10, 50, and 100 Mrad respectively). Instead of utilizing
alpha and proton accelerators to simulate solar-wind radiation, a high-energy electron
accelerator was used and electron dosages were modeled using standard MSFC
Space Environments procedures to simulats proton / alpha dosages. Ryan Haggerty
will present a paper at STAIF-2002, in Albuquergue, NM, in which the procedures are
discussed in greater detail.

The MSFC Space Environments plan for testing commercial white-light
holograms for solar-radiation resistance is summarized in Tabie Vi.1-1.0
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Table VI.1-1 MSFC Spacé Environment Team test Plan for Commercial
White-Light Holograms

Test Plan for Hologram Testing

Select 8 candidate materials
Identify samples to be exposed and set-aside control sheets of identical material
Cut samples to be exposed into squares 1.25 inch on a side
Perform thermo-optical measurements (alpha, emissivity, transmission)
Bakeout samples at 100 C for 48 hours under high vacuum |
Perform thermo-optical measurements on baked-out samples
Take photographs of baked-out sampies side-by-side with control samples
Mount 4 samples in exposure system
Expose samples to 1* radiation dose and UV.
10. Remove samples anc perform thermo-optical measurements
11. Take photographs of exposed samples side-by-side with control samples
12. Place remaining 4 sampies in exposure chamber
13. Expose samples to 1% radiation dose and UV
14. Remove samnples and perform thermo-optical measurements
. Take photogrzphs of exposed samples side-by-side with control samples
16. Place 4 new samples in exposure chamber
17. Expose to 2* radiation dose and UV :
18. Remove sampies and perform thermo-optical measurements
19. Take photograpns of exposed samples side-by side with control samples
20. Place remaining 4 samples in exposure chamber
21. Expose to 2* rdiation dose and UV
22 Remove samples and perform thermo-optical measurements
25. Take photographs of exposed samples side-by-side with conirol samples -
24, Place 4 new samples in exposure chamber
25. Expose to 3™ radiation dose and UV ' -
26. Remcve samples and perform thermo-optical measurements™
27. Take photographs of exposed samples side-bv-side with control samples
28. Place remaining 4 samples into exposure chamber ‘
29. Expose to 3™ radiation dose and UV, ‘
30. Remove samples and perform thermo-optical measuremenis
3. Take photographs of exposed samples side-by side with control samples
32. Select best 4 samples types
- 33. Place 4 samples in test chamber and expose to UV for ___hours at __ UV suns
34. Perform thermo-optical measurements
35. Take photographs

WS o R WY
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After sample selection, preparation, and irradiation, a number of optical tests
were performed by Ryan Haggerty and the Space Environments team to quantify
radiation resistance of the samples selected. Control and irradiated samples were
tested for changes in fractional absorption to simulated solar electromagnetic (EM)
radiation (a) and emittance (e = emittd / absorbed solar EM).

Results are summarized in Table VI1.2-1 and are described in greater detail in
Haggerty’s forthcoming paper at STAIF-2001. Simulated solar-wind radiation between
10 and 100 Mrad has little or no effect on the fractional solar EM absorption and
emittance of the commercial white-light hologram samples tested.
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Table V1.2-1. Effects of Simulated Solar-Wind Irradiation upon Fractional

Simulated Solar EM Absorption (o) and Emittance (¢) of Commercial
Holograplc.Samples. .

a(10Mrad) Trial#1 #2

ripple

rain
hyperplaid
sparkles

o (50 Mrad)
tipple

rain
hyperplaid
sparkles

o (100 Mrad) Trial#1  #2

ripple -
rain
hyperplaid
sparkles

Control
C#
L #H2
#3
#4 Z
Avg. al/el

Emittance
ripple
rain
hyperplaid
sparkles’

0.094 0.083
0.127 0.121
0.144 0.173
0.138 0.123
Trial #1  #2
0.112 0.105
0.122 0.125
0.155 0.154
0.145 0.132
0.102  0.101
0.123 0.121
0.181 0.173
0.129 0.133
ripple a/e
0.008 0.026
0.093  0.027
0.103 0.026
0.101 0.025
0.008 0.022
0.099 0.025
10 Mrad 50 Mrad
0.032 0.030
0.030 0.038
0.038 0.033
0.038 0.036

#3  #4
0.096 0.101
D.116 0.117
0.198 0.182
0.146 0.139
#3 #4
0.102  0.102
0.120 0.121
0.153 0.161
0.132 0.127
#3 - #4
0.101 0.106
0.119 0.119
0.182 0.151 -
0.132 0.138
rain o/e
0.114 0.023
0.127  0.024
0.119  0.026
0.112 0.025
0.114  0.029
0.117  0.025
100 Mrad Avg €I
0034 0.025
0.032 0.025
0.036 0.029
0.037 0.034

Avg.a %Aod
0096  3.125
0.120 4.575
0.174 27.007
0137  5.182

Avg.a  %Aal.
0.105 1.942
0.122 2.521
0.156  8.333
0.134 4688

Avg.a %Adal
0.103 1.463
0.121 7.589
0.174 16.430
0.133 -0.075

hyperplaid ave
0.162  0.030
0.137  0.029
0.144 0.035
0.142  0.024
0.156 -0.926
0.150  0.029

sparkles a/e

0.128  0.029
0.147  0.034
0.128  0.036
0.134  0.037
0.131 0.036
0.134 0.034
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On June 13 and 14, 2001, C Bangs and G. Matloff followed the advice of H. J.
Caulfield of Fisk University and performed a literature search at the NASA Marshall
Spaceflight Center and Redstone Scientific and Technical information Center (RSTIC),
both in Huntsville Alabama. the urpose of this search was to locate previous
references in the opean literature that refate to the survival of holograms in the space
environment.

Three significant English-language studies were discovered. These include 2
1988 paper in Optics Letters by J. P. Golden, G. P. Summers, and W. H. Carter, all of
the US Naval research Laboratory; a 1989 SPIE paper by A. McKay and J. White of
National Technical Systems, Inc., in Los Angeles, CA; and a 1993 report to the USAF
Rome Laboratory, Air Force Material Command, Griffiss Air Force Base, New York. The
Rome report was co-authored by S. P. Hotaling of Rome and G. Manivannan, R.
Changkakoti and R. A. Lessard, who were all affiliated with Laval University, in
Quebec, Canada.

Golden et al (1988) reported that holograms made in Polaroid DMP128
photopolymer can withstand a total dose of 2 Mrad of 63-MeV protons and 2-Mrad of .

80Co gamma rays without loss of diffraction efficiency. Diffraction efficiency was
defined by plotting incident-intensity fraction vs. diffraction angle in degrees from
normal before and after exposure. Separate exposures to protons and gamma rays
resulted in minimal degradation. Since a LEO satellite receives an electron / proton
dose in the neighborhood of 1 Mrad per year, this material seems to be sufficiently
hard for space holographic applications.

McKay and White (1989) exposed dichromated gelatin holograms to a .
simulated space environment inciuding UV (ultraviolet) radiation, particle radiation
and vacuum effects. The vacuum corresponded to a 500-km -altitude. In the vacuum
tests, a significant issue was the level of outgassing from holographic coatings. -
Outgassing, which was ascertained by comparing sample weight before and after
exposure to vacuum conditions, amounted to only a few percdent of sample weight.
Most outgassing occurred during the first 24 hours of exposure and is probably do to
water vapor. Charged-particle exposure utilized 4 MeV protons at fluences simulating
the effects of 0.5-5 years exposure in the space environment. prior to exposure, test-
sample optical density varied 4.0-4.5. Exposure to 5 years of simulated space
charged-particle radiation resulted in a mean optical density loss of 1.6 and a mean
loss of 0.15. this was probably do to breaking of covalent bonds and resulting changes
in density and refractive index. The spectral peaks of the samples moved slightly

‘towards the blue by about 9 nm, from a pre-exposure spectral peak of 540-550 nm.

- Ultraviolet effects were tested for 1104 simulated days of exposure to exo-
atmospheric sunlight. The peak wavelength decreased once agin by 6-20 nm for all
sampies tested. for most samples tested, UV did not significantly effect optical density.

Hotaling et al {(1993) considered the survivability of dichromated (vinyl alcohol)
holograms in the space environment. Diffraction eficiency was used as the
degradation criterion and holographic thin-films were exposed to combinations of
ionizing radiation, temperature and atomic oxygen simulating the LEO environment. A
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cobalt-60 gamma-ray source was varied 1o produce 0, 2.5, and 10 Mrads. Once again,
the combined effects resulted in no significant degradatlon to the optical performance
of the sample holograms.

V.4 Eff f

The previous studies discussed in the last section utilize diffraction efficiency as
the operational parameter in considering radiation effects on holograms. Such an
approach requires monochromatic light sources of various wavelengths to be directed
upon the interference pattern that constitutes the hologram. The transmitted (or
reflected) light acts as though it has interacted with a diffraction grating. Difraction

efficiency considers the relative amount of output light from the hologram in the 0th,

18t, or 2nd order of the diffraction pattern from conirol and irradiated sample
holograms.

None of the studles cited in the previous section considers the replicability and
repeatability of the experimental results. This is not surprising, since diffraction
efficiency, by its very nature, has many possibilities for error. the small changes in the
performance of irradiated holograms in some of the cited studies should therefore not
be taken too seriously.

We therefore desired io develop a method of irradiated-hologram evaluation
that would be less susceptible to experimental error and would have replicability that
could be determined by experiment. The following procedure was proposed by the Pi,
after discussions with C Bangs and two Brooklyn, NY based artists who assisted with
preparation of the prototype holographic message plaque described in Chapter V-
David Wister Lamb and Lajos Szoboziai. After discussions, the procedure was
approved and implemented by Dr. David Edwards, team leader of the MSFC Space =
Environments Team.

After baking and irradiation, control and irradiated hologram samples were
transferred (care being taken to avoid contact with human hands and other impurities)
) to the tray of a scanner connected to a PC (Personal Computer). The computer was
equipped with Adobe Photoshop™, a software package desigried for commercial and
amstlc image processing application. - =

After images of the hologram samples were scanned into Photoshop, the Image
Histogram utility of the software package was activated. This allows the utility to
ascertain image quality in three primary colors , R (red), B(blue), abd G (green). Image
quality in‘a selected color is quantified by the relative number of image pixels in that.
color. Because of the relative nature of the histogram output, it was decided to define
image quality (iq) in the three primary colors as follows :

R B G-
o B = G =
K R+B+G “ R+B+G “ R+B+G

“where R, B, and G here refer to the histogram pixel counts in the various colors.
' VI-6 ‘
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The indentations on the upper left of some of the samples in Fig. 6-1 were fer
alignment purposes. The eye is not sensitive enough to discem differences between
the control and irradiated commercial hologram samples in this figure.

After printing out the scans presented in Fig. 8-1, these scans were evaluated
using the formalism presented in Section V1.4 of this chaper. Results are presnted as
fig. 6-2, where U = untaked, C = contral, 1 = 10 Mrad exposure, 2 = 50 Mrad exposure,
and 3 = 100 mrad exposure.

Fig. 6-2. Holographic Sample Color-Quality Variation with Irradiation

Hyperplaid

Rain

Ripple

sparkle

0.4

0.3 |

04

03

0.4

0.3

é><f\r1\:H\\\
I O )

0.4

=0.3

O\

L\ i m
= = -

Lo -
u G- 1 2

3

Sample Status (U=unbaked,C = control ;1, 2,3= 10, 50,10C Mrad))
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Color-quality variations with irradiation are almost always less than about 7%

for the samples tested. Before considering the significance of the small variations in

- this quantity presented in Fig. 6-2 by repaeatability investigations, we also prepared
plots of mean luminosity vs. irradiation. Mean luminosity is essentially the sum of R, B,
and G pixels listed in the Photoshop™ histogram. Luminosity increased with baking
for Rain and Hyperplaid, and decreased with baking for Ripple and Sparkle. In all
cases, small amount of electron irradiation increased luminosity. For Ripple, higher
dosages had little effect on mean luminosity. Luminosity decreased with increasing
irradiation for the other three samples.

We next evaluated the repeatability of this experimental procedure. This was
done in two ways. First, a holographic sample was piaced in a fixed location on the
scanner. Power to the equipment was tumed on, the sample was scanned and
histogram results recorded. Power was then turned off and the procedure was
repeated without moving the sample. In the Second repeatability test, power was to
the PC and scanner were left on and the sample was repeatedly scanned at different

. portions of the scanner surface. Results are summarized in Table VI .5-1.

Table VI.5-1. Scanned Hologram Repeatability Tests.

Testt - Power off/on, Helogram variety : Rain, Sample location : mid-center of scanner,
Trial Sample Mean Luminosity Mean Bed (R) Mean Green (G) _Mean Blug (B)
1 RainC 185.54 210.10 173.81 181.37
2 {control) 196.38 217.49 190.21 171.95
3 197,82 218.14 191.94 17368
1 Rain 2 182.87 202 64 173.66 178.32
2 (50 Mrad) 197.82 218.14 191.94 173.98
Test 2: Pgwgr on . Hologram sample : Rain control (C): various scanner locations

‘Scanner Location Mean Luminosity Mean Red (R) Mean Green (G) _Mear Blue (B)

mid-center 196.38 217.49 190.21 17195
top-right 174.22 196.03 "~ 163.80 170.65
bottom-right 194.92 219.98 185.64 176.42
mid-left 21284 224.23 210.13 165.82
bottom-left 221.22 231.61 220.49 196.80
top-left 174.22 196.03 163.80 170.55
mid-right 214.49 224.98 213.80 189.51
top-tight 174.22 196.03 163.80 170.65
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Power on-off tests (Test 1 in Table VI.5-1 results in maximum experimental
errors in the vicinity of 7% in R, B, and G pixel counts. Variations in sample location on
the scanner results in R. B. and G experimental errore of about the same magnitude.

Care was taken in the performing the operational scans that resuited in Fig. 6-2
to keep the experimental sample as close to the center of the scanner as possible.
Even so, the maximum precision of the data obtained using this technique is about
7%. .
Therefore, the smali variations in hologram color quality with irradiation
presented in Fig. 6-2 must be considered to be insignificant Our results are therefore
in agreement with those of the cited studies from the literature. Simulated solar-wind
- irradiation, at least up to 100 Mrads, has little or no effect upon the quality of a
commercial white-light hologram. We may reasonably expect that space-qualified
holograms will do well even under much higher levels of irradiation.

iation on Hol Photographic T

Afinal investigation of simulated solar-wind radiation effects on commercial
white light holograms was performed by NASA / MSFC photographer Emmett Given.
Control and 100 MRad samples of the holographic varieties tested were
photographed side-by-side using a high resolution camera and direct, overhead
lighting. the results are presented as Fig. 6-3.

The photographer reported to us that-control, and irradiated samples are
essentially identical. The small differences between control and irradiated samples in
the photographs are due to positioning of camera and lights.

L ren

J. P. Golden, G. P. Summers, and W. H. Carter, “Resistance of Holograms made in
Polaroid DMP128 Photopolymer to lonizing Radiation Damage.,” Optics Letters, 13.
G49-951 (1988).

A. McKay and J. White, “Effects of Simulated Space Envlronments on Dichromated
Gelatin Holograms,” SPIE 1044, 269-276 (1989).

S. P. Hotaling, G. Manivannan, R. Changkakoti and R. A. Lessard, “The Performance
and Survivability of Dichromated Poly (Vinyl Alcohol) Holograms for Space-Based
Photonic Applications, RL-TR-93-131, Rome Laboratory, Griffiss Air Force Base, Rome,
NY (July 1993).
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hapter VI : lusi

Instead of merely summarizing the study results summarized in the previous

chapters, this Conclusions chapter attempts t0 outline some directions for future
research.

(1) First, the sail-launched Interstellar Probe (ISP) mission remains feasible.
Nothing in our study detracts in the slightest from the goals of this proposed mission, or
demonstrates that the 2010-2015 time frame for launch is infeasible. = ;

(2) Mission planners shouic.give further attention to the option of maintaining
sail operation past Jupiter's orbit, unless sail interference with planned scientific
experiments can be conclusiveky demonstrated. Not only will terminal interstellar
cruise velocity increase by as much as several percent, but it is possible that the sail
could be integrated into the experiment suite.

(3) Both reverse and direct pre-perihelion sail trajectories should be considered
by mission planners. This will allow two rather than one launch window per year for
flights to the “nose” of the heliopause. '

(4) Mission planners at NASA / JPL and elsewhere should incorporate exact
models of sail reflectance and other optical properties into their trajectory projections.
Lack of including such parameterization ¢an introduce errors approaching 10%.
Approximate screening models have been useful up to the present time for rough
interstellar-sail performance projections. But a more elaborate and exact model, such
as that of Dr. Vulpetti's, should be applied in the next phase of mission design.

(5) One major advantage of improved szil-trajectory models is the capability of
investigating the advantages of a wide range of mission options. Vuipetti's discovery of
a class of sail trajectcries in which sail technological requirements can be relaxed by
utilization of a higher Earth-escape velocity, is only an example of the possibilities.

{6) Future work might consider as well the possibilities of giant-planet gravity
assists in improving interstellar-sail terminal velocity. Also to be considered are the
possible advantages of combining solar-proton sailing with solar-photon sailing in
missions scheduled for the 2010-2015 time frame.

(7) Construction of the prototype white-light holographic message plaque
demonstrated that such a device is possible. A thin-film plaque carrying many
thousands of messages is certainly very possibie for the 2010-2015 time frame.
Further investigations could consider the design ot'such a complex message plaque
and its application as a unifying project of globa! scope. Such a project could directly
involve many people in the space-expioration effort and internationalize the effort.

(8) A series of investigations with holograms revealed that they are relatively
Vil-1



immune to simulated solar-wind irradiation of commercial holograms up to 100 MRad.
This work included literature searches and experimental studies. !t should be pointed
out that the scanned and phtographic evidence presented in this report does nct in
any way do juctice to the intrinsic beauty and information-carrying capability of the
holographic medium.

(9) Holography gives the capability of embossirg reflective. transmissive, and
absorptive layers and functional images of optical components on the same surface.
The possibility of holographic applications to solar-sail propulsion should therefore not
be ignored. One such application is furher considered in the Appendix to this report.
There may be others.
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APPENDIX : A NEAR-EARTH APPLICATION FOR HOLOGRAPHIC SOLAR
SAILS .

The following pages present use of the sclar photon thruster (a multi-sail solar
sail that can redirect the reflected photon vector) with holographic optical elements to
allow solar-sail operazion between low Earth orbit (LEQ) abd higher drag-iree orbits.
the color graphic was prepared for the P! by NASA / MSFC artist Bruce Shelton, senior
media developer with Computer Sciences Corporation, in consultation with C Bangs.

A number of presentations at NASA / MSFC and NSSTC during the summer of
2001 featured the following pages. The audiences included Randy Baggett, Helen
Cole, John Cole, Les Johnson and Jonathan Jones of NASA / MSFC and John
Caulfield of Fiske University.

Jonathan jones pointed out a dynamical issue with the solar-photon thruster as
configured here, utilized in the high-atmospheric-drag environment of LEQO, about 500
km above Earth’s surface. Namely, the reflected photon radiation-pressure and
atmospheric-drag vectors do not operate aiong the same line. this would result in a
torque.

One way of correcting this problem wouid be to incorporate additicnal reflectors
such that the photon exhaust is co-planar with the sail. This would intrcduce additional
complexity and slightly degrade projected performance.

Figure AP-1 presents another possibility, as suggested by John Caulfield.
Holographic images of corner-cube reflectors could be incorporated in a nolographic
main sail. These could, in principie, rotate the photon stream by 90 degrees within the
main sail, removing the necessity for additional thruster elecments.

Figure AP-1 was prepared by the Pi. With the exception of the color graphic, all
other Appendix figures were created by C Bangs or with the assistance of C Bangs
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The Holographic Solar-Photon Thruster

- Dr. Greg Matloff, summer 2001 MSFC / ASEE Faculty Fellow
Original solar-phboton thruster idea was proposed by Forward (see Ref. 1)
Rainbow Holog:aiﬁs are ~vhite-light transmission holograms.

This means that the reconstruction beam is on side of plate opposite viewer.

Holographic images can be very reflective, highly radiation resistant, and of micron
thickness

Many holographic images can be stored on a single plate. This means that an
angular shift of a few degrees relative to the light source can dramatically alter
optical properties.

SPACE APPLICATIONS :
1. Attitude Control: steering vanes affected by solar radiation pressure that change
reflectivity when slightly rotated

- Example : absdrptive hologram changes to reflective after a 5 degree rotation.
Photons off reflective vane transfer as much as 2X momentum than those off
absorptive vane. :

2. Prinmary propulsion : sail can be used to implement Trailblazer mission
(effectively unfurl rapidly near Sun) or for LEO—GEO orbit raising if
configured as a solar-photon-thruster (SPT). In LEO (about 500 km), a primary
parabolic reflector focuses light on a. much smaller thruster element, which
allows for a tangential thrust component. The thruster element would be
holographkic, so that a small rotation could change refelection to transmission. As
well as curvature, holographic Fresnel Lenses could be used to focus light on
thruster element. To reduce atmospheric drag, main sail would be normal to
direction to earth center. Top of main sail would be emissive, bottom reflective
to visual and IR. This reduces direct solar back pressure and increases

acceleration by reflected Earthlight and reradiat ed solar energy absorbed by
the Earth

AP-3



HOLOGRAPHIC SOLAR PHOTON THRUSTER :
(Alternative Configuration)

o -
Holographic Thruster
(alter from reflective
to transmissive by
changing angle)

* Tangential Reflected Sunlight

4}«\ o

Sunlight
(or reflected Earthlight
radiated Earth IR)
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SPT Operation Between LEO and GEO : A Comm-Sat Tug :

THREE ORBITAL POSITIONS . Three photon streams (P)

P, = S = direct solar insolation (solar constant) = 1368 watt /m*
P; = AS = Earth-reflected sunlight , A, = Earth albedo
P; = (1-A. ) S = solar radiation absorbed by Earth and later reradiated as IR
K, = reflectivity of emissive, upper main sail to direct solar insolation
K, = reflectivity of lower reflectivemain sail to P,
K3 = reflectivity of lower reflective main sail to Ps
RF = radial force on main sail
TF = tangential force on thruster (90 % reflective, 45 depree angle)
¢ =speed of light, A;=area of mainsail

Position 1 : Zenith Sun  Position 2 : Nadir Sun  Position 3/4 : Dawn/Dusk Sun

Turn thruster off No direct sunlight No direct sunlight on
to reduce downward since it’s night main sail
radial force Turn thruster off Dawn direct Sun on
to reduce net thruster cancels dusk
downward radial direct Sun on thruster
force on thruster
(0.7RF)
RF=[-(1+Kp + - RF = RF = [A./2 (1+K)) +
Ac (14K2) + [(1-49 (+K3)jSA/ (1-A0) (1+K;3)JSAJc
(1-A.) (1+K3)ISAJ/c




SPT Operation Between LEO and GEO : A Comm-Sat Tag :
THREE ORBITAIL POSITIONS , Three photon streams (P)

P; = S = direct solar insolation (solar constant) = 1368 watt /m’
P, = AS = Earth-reflected sunlight , A. = Earth albedo
P3 = (1-A.) S = solar radiation absorbed by Earth and later reradiated as IR
K, = reflectivity of emissive, upper main sail to direct solar insolation
K: = reflectivity of lower reflectivemain sailto P, -
K3 = reflectivity of lower reflective main sail to P;
RF = radial force on main sail
TF = tangential force on thruster (30 % reflective, 45 degree angle)
¢ = speed of light, A, = area of main sail

Position 1 : Zenith Sun Position 2 : Nadir Sun  Position 3 /4 : Dawn/Dusk Sun

Turn thruster off No direct sunlight No direct sunlight on
to reduce downward since it’s night main sail”
radial force Turn thruster off Dawn direct Sun on-

’ to reduce net thruster cancels dusk
downward radial direct Sun on thruster
force on thruster
(0.7RK) _

RF=[-(1+Ky) + RF = RF =[A./2 (14+K3) +
A. (1+K>) + [ (1-A.) (1+K3)]SA/c (1-A.) (1+Kq)ISA/c

(1-A.) (1+K3)ISAJ/c
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ESTIMATING RADIAL FORCE, let K;=0.5, K:=K1=0.9, A, = 0.4, 1-A.=0.6

Radial Force (RF) on thruster = - 0.7 Radial Force on main sail from reflected and
reradiated Earthlight, for 45 degree angle
(Actualy slightly stmaller if thruster is 90 % reflective)
POSTITION 1: RF; = [SAJ/c] [-1.5 + 0.4 (19) + 0.6 (1.9) = 0.4 SA/c {ZENITH SUN}
If thruster is on, net radial force on sfc =-0.7 SA.Jc
POSTTION 2 : RF> = 0.6 (1.9) SA/c = 1.14 SA/c . If thruster is on, RF,.2 = 0.3 SAJc
POSITION 3/4 : REnet,s = 0.3 [0.2 (1.9) +0.6(1.9)] = 0.5 SAJ/c

If thruster is off in POSITIONS 1 and 2, average RF for an orbit is about 0.43 SA /c
If thruster is always on, average RF for an orbit i: about 0.17 SA/Jc.

TANGENTTAL FORCE = cos(degrees) X average radial force from P, & Ps.
Average tangential force per orbit—average for positions 1,2,3,4
Average tangential force per orbit is about SAJc

Average Tangential Acceleration is about SA./( M., ¢}, where M. is spacecraft
mass.

Three Possible SPT Configurations-all with sail mass = 1/3 s/c mass, s/c arcal mass
thickness = 6 grams per square meter

CASE 1 : DEMO flight-—10 kg payload, 5 kg, sail-radius = 16 m
“CASE 2 : Microsat — 500 kg payload mass, 250 kg sail mass, sail radius=115m
CASE 3 : Large Com Sat — 10000 kg payload, 5000 kg sail mass, sail radius =515 m

If Fresnel Lenses are not used, we require a parabolic main sail—
Focal length = 0.5 (radius of curvature).

ATMOSPHERIC DRAG ESTIMATE IN LEO

Assume 500-m sail diameter. Use spherical approximation for sail shape. Assume 2

‘on sail-thruster distance. :

0/2 = 0.25/2=0.125 radians = about 7.2 degrees
cos (6/2) =x/2000 ,x=1984 m,h = 16 m
cross-sectional area (A.;) seen by Earth’s
atmosphere is approximately 0.5 (16) (500) or

4000 m” .




From Ref. 2, LEO atmospheric-drag deceleration is -0.5 C4 A pV.> /M.,

where p is atmospheric density, C; is drag coefficient (2—2.3)and V; is

spacecraft orbital velocity. We assume a 500-km minimaom SPI‘ operat:onal orbital
height, the maximum Shuttle orbit. At 500 lam, is about 102 kgfm (From Ref. 1
and TRW Space Data. Drag deceleration is about 10~ m/sec?, since s/c orbital

velocity is about 8 km/sec. Assuming a 3,500 kg spacecraft mag drag deceleration is
about 173 orbitally-averaged tangential acceleration.

Spacecraft requires about 200 days to go from LEO orbital velocity to Earth-escape
velocity. This is an overestimate because at orbital heights greater than 1000 km or
so, atmospheric drag becomes minimal. Sail can be rotated to use direct insolation
for acceleration at these heights.

THERMAL LIMITATIONS ON THRUSTER SIZE

From Chap. 2 of Ref. 3, solar power per unit area absorbed by the thruster is

S (As/ Aw) {1-Ru}, where S is the solar constant, A, is sail area, Ay, is thruster area,
and Ry, is thruster reflectivity. Remembering that solar flux absorbed by the sail is
absorbed by one sail face but emitted by two and applying blackbody theory, the
thruster blackbody temperature can be expressed:

T = {{$/20)] (A./ Aw) {1-Ru}]}** degrees Kelvin
" Where o is the Stefan-Boltzmann Constant = 5.67 X 10 watt /m*-K*

If the sail/thruster area ratiois 10, 100, 1000, 10000, and 100000, the maximum -
thruster blackbody temperature is respectively 330, 588, 1045, 1860, and 3307
degrees Kelvin._For an alaminum thruster, maximum sail / thruster area is about
100. For an advanced thruster made out of 3000 degree Kelvin material, maximum
sail / thruster area is about 100,000.
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A POSSIBLE SPT ORIiENTATION, for ORBITAL HEIGHT > 1000 KM

Above orbital heights 2000 km, SPT atmospheric drag becomes minimal. One way
to accelerate the spacecraft tangentially is to turn off the thruster and rotate main
sail so that the reflective side is always normal to the Sun, for every orbital
“afternoon’, as shown. Since the spacecraft spends half its time in daylight and
positive-energy tangential solar radiation pressure acceleration is possible for half of
every daylight pass, the tangential acceleration averaged over every orbit is
approximately

(1+K2) S A /{4 cM &),

or about 2.17 X 10° A,/ M . meters per second squared. If the thruster is
actvated for part of the orb:t, the average acceleration will be increased. For
heights not much greater than a few thousand kilometers, reflected and reradiated
Earthshine will provide some additional positive tangential acceleration possibilities
for the SPT.
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Fig. AP-1. Use of a Holographic Main Sail to Redirect Photon Radiation-Pressure Vector
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